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METHOD AND APPARATUS FOR SILICON DEPOSITION IN A FLUIDIZED-BED REACTOR 

BACKGROUND OF THE INVENTION 

5 This invention relates to apparati and methods for producing chemical vapor 

deposition (CVD) reactions on seed panicles generated internal to a CVD reactor and more 
particularly to improved tedmiques for converting silicon- 
bearing gases to polycrystalline silicon in a solid form. 

10 DEFINITIONS 

For the purpose of this disclosure, the following terms are used throughout the text 
with the given definitions: 

15 Amorphous Silicon: solid silicon without periodic atomic structure. Amorphous silicon may be 
formed when the atoms are not given an opportunity to be arranged properly for some reason, 
such as inhibiting their mobility, for instance, with low ten^)erature. Amorphous silicon can be 
hydrogenated or not, depending on conditions of formation. 

20 Dead Zone: area within a fluidized bed where there is little or no movement of the particles 

which constitute the bed. If the particles are sticky, such as those above the Tammann tempera- 
ture, they tend to agglomerate in dead zones due to lack of sufficient agitation. 

Dense Phase Segregation: segregation of solid particles by size which takes place within the 
25 regime typical of fluidized beds where bed voidage (e) is between 0.35 and 0.55. Operation in 

this regime means that the particles are close enough together that they are acted upon collectively 
rather than individually. This segregation can take place within the fluidized bed CVD reactor 
and does not inherently require a separate vessel. Conditions in the fluidized bed regime are 
typically well mixed. Segregation is effected through exploitation of velocity and pressure 
3 0. gradients normally present or induced in the bed by the geometry of the vessel. 

Dilute Phase Segregation: segregation of solid particles by size which takes place within the 
regime typical of pneumatic transport where voidage (e) is in excess of 0.8. Operation in this 
regime means that the particles are well separated from each other. At voidage in excess of 0.99 
3 5 and container-to-particle-diameler ratios greater than 100 the particles are acted upon individually 
rather than collectively. At voidage between 0.8 and 0.99 and container-to-particle-diameter 
ratios less than 100 there is some interaction with neighboring particles and the wall of the vessel 
known as concentration effects and wall effects, respectively, or as hindered settling, collectively- 
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This segregation usually takes place in a vessel separate from the fluidized bed reactor vessel or 
requires internals in the reactor vessel to create a dilute zone for segregation. Segregation is 
effeaed through exploitation of Stokes' law or separation by terminal velocity, with or without 
hindered settling, well described in the section titled "Particle Dynamics" in Perry's Chemical 
5 Engineers' Handbook. 6th ed. . R.H. Perry and D. Green, McGraw-Hill (New York, NY) 1984, 
p. 5-63 to 5-68. 

Diluent Gas: any of the group consisting of hydrogen (Hj), helium (He), argon (Ar), neon (Ne), 
krypton (Kr), xenon (Xe), and mixtures thereof. 

10 

Granular Filtration: removal of particles from a gas stream effected by passing the gas stream 
through a bed of particles, usually larger than the particles to be removed. The theory of 
granular filtration is well described in the section titled "Gas-Solids Separation" in Perry's, 6th 
ed. . p. 20-75 to 20-82 with several references. Application of granular filtration in fluidized beds 
15 is briefly described on p. 20-104. 

Halogen-containing Gas: any of the group consisting of chlorine (Cy, hydrogen chloride (HCl), 
dichlorosilane (SiH2Cl2), trichlorosilane (SiHCl,), silicon tetrachloride (SiClJ, bromine (Br^), 
hydrogen bromide (HBr), dibromosilane (SiHjBrj), tribromosUane (SiHBrj), silicon tetrabromide 
20 (SiBr4), iodine (y, hydrogen iodide (HI), diiodosilane (SiHjIz)* triiodosilane (SiHIj), silicon 
tetraiodide (Sil4), and mixtures thereof. 

Heating Light Source: coherent or noncoherent electromagnetic radiation such as microwave, 
radio frequency, visible light, infrared, or ultraviolet radiation having a wavelength distribution 
25 such that the energy absorbed by a silicon-bearing gas inside the inlet to a CVD reactor is 

insufficient to cause premamre decomposition and such that residual energy is absorbed by silicon 
beads in the reactor. 

High Purity Silicon-containing Material of Construction: any of the group consisting of 
30 monocrystailine silicon (Si^^), polycrystalline silicon (Si), silica (SiOj), silicon carbide (SiC), sili- 
con carbide (SiC) coated graphite (C), and silicon nitride (SiN). 

Jet Penetration Length (P): the distance that a jet of gas will penetrate into a bed of particles. 
For upwardly pointed jets the jet penetration length is calculated as a ratio with the orifice 
3 5 diameter as 



P/D^ = 52«logjo(u,»p;^) - 98.046 



0) 
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where P = jet penetration length [=] cm 

D(, = orifice diameter [=] cm 
Uj, = orifice velocity [=] cm/s 
Pi = inlet gas density [=] g/cm^. 

The above equation was curve fit from Figure 30 in Zenz, F.A., Fluidization and Fluid Particle 
Svstems, Vol. II Draft . Pemm-Corp Publications (Nelsonville, NY, 1989) 
p. 148, 



1 0 Kinetic Power: kinetic energy expended per imit time. For a gas stream the kinetic power can 
be described mathematically for grinding as 

= G«vV2 (2) 



15 



20 



where P^ = kinetic power [=] mass»length^/time^ 

G = mass flow rate through an orifice = p*Q [=] mass/time 
p = gas density [—] mass/length^ 

Q = volumetric flow rate through an orifice [=] lengths/time 

v = gas velocity through the same orifice [=] length/time. 

The gas velocity, v, is related to the volumetric flow as 



v = Q/S 



(3) 



25 where S = cross-sectional area of the orifice [=] 



length^. 



Gas density can be described by the ideal gas equation modified for compressibility 



p ^ M»P/Z»R»T (4) 

30 - - 

where M = molecular weight [=] mass/mole 

P = absolute pressure [=] force/length^ 
Z = compressibility [=} dimensionless 

R = gas constant [-] units consistent to equation, e.g., 82.057 

3 5 cm3»atm/{g-mol*K) 

T = absolute temperature [=] temperamre, 



and cross-sectional area of the orifice can be described in terms of orifice diameter as 
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S = {ir/4)*W (5) 
where D^^ = orifice diameter [=] length. 
5 Substituting equations 3. 4, and 5 into equation 2 

Pk = 8»(R/7r)^*(T/P)2»(Z/M)i»G5/D„*. (6) 

The first terms are constants. Temperature and pressure are under the control of the operator. 

10 An increase in temperature will increase the kinetic power while an increase in pressure will 
decrease the kinetic power. Compressibility and molecular weight are properties of the gas 
stream selected. Compressibility gains in importance as operating conditions approach critical 
temperature and pressure for the gas. Mass flow rate is proportional as a cubed term. Orifice 
diameter is a strong function, being inversely proportional to the fourth power. Major process 

15 changes, such as changing the silicon-bearing gas, can be compensated by changing orifice 
diameter. 

Minimum Fluidization Velocity (u„f); the superficial gas velocity through a bed of particles 
be)ow which the bed stays fixed. The minimum fluidization velocity is calculated using the 

2 0 following equation: 

u„.f = [dp/«]'*f^'/(l-^)]*[g/18i]*tO>p-P.)/M8] (7) 

where n^f = minimum fluidization velocity [=] cm/s 
25 dp = particle diameter ! =] cm 

4> = particle sphericity [— ] dimensionless 
e = bed voidage [=] dimensionless 
g = acceleration of gravity = 980 cm/s^ 
Pp = particle density [=] g/cm^ 

3 0 = gas density [=] g/cm^ 

= gas viscosity [=] g/cm/s = P. 

Particle Reynolds Number (RCp): a dimensionless group describing the ratio of inenial forces to 
viscous forces, computed mathematically (in consistent units) as 

35 

= (8) 



where RCp = Reynolds number [=] dimensionless 
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p, = gas density [=] mass/length^ 

Ug = superficial gas velocity [=] length/time 

dp = particle diameter [=] length 

/i^ = gas viscosity [=] mass/length/time. 

5 

Polycrysialline Silicon: solid silicon composed of atoms arranged in a three-dimensionally 
periodic pattern in which the periodic pattern is interrupted at boundaries. 

Popcoming: a term used in crystal pulling to describe the undesirable phenomenon of small 
10 explosions of unmelted solids as they melt in the liquid bath, spattering solid fragments and some 
liquid. This spatter can land on the single crystal ingot, potentially causing crystal defects. 

Silicon-bearing Gas: any of the group consisting of silane (SiH4), disilane (SizHs), dichlorosilane 
(SiHjClj), trichlorosilane (SiHClj). silicon tetrachloride (SiC^, dibromosilane (SiHjBrj). 
15 tribromosilane (SiHBrj), silicon tetrabromide (SiBr^). diiodosilane (SiH2l2), triiodosilane (SiHIi), 
silicon tetraiodide (Sil4), and mixtures thereof. 

Slip-coating Powder: any of the group consisting of silica (SiOj), silicon carbide (SiC), silicon 
nitride (SiN), alumina (AI2O3), carbon (C), and mixtures thereof, 

20 

Submerged Spouted Bed: a mass of solid particles expanded and suspended by an upwardly 
directed jet of gas such that the mass or bed of particles exhibits many properties of a liquid. 
The jet forms a dilute phase in which particles are entrained and rapidly directed upward but do 
not leave the surface of the emulsion, or dense phase, surrounding the jet (typical of spouted 
25 beds) due to the depth of the bed of particles above the jet. While this phenomenon may be 

present for entrance jets in all gas distribution grids, it is usually small and ignored and applies 
best when there is a single upwardly directed entrance jet of gas. 

Tammann Temperature: the temperature at which the surface of a solid shows a marked change 
30, in activity, for example, surface reaction rates typically increase significantly and silicon beads 
become sticky. The Tammann temperamre can be approximated mathematically as 52% of the 
absolute melting temperature of the material. 

Tapered Zone: a portion of a fluidized bed reactor in which the wall of the vessel is constructed 
3 5 such that the vessel diameter increases with increasing height to allow dense phase segregation 
within the enclosed fluidized bed. 
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Tiansport Disengaging Height (TDH): the distance from the surface of a fluidized bed of solids 
above which panicle entrainment no longer decreases and the gas velocity profile has stabilized 
and the effective superficial velocity can be taken as the volumetric gas flow leaving the bed 
surface divided by the bed cross-sectional area. The TDH can be calculated using the method of 
5 Zenz and Weil found in Zenz. F.A„ Weil, N.A., 

A.I. Ch. E.J. 4, 472 (1958) and frequently cited in fluidization texts and articles. 

SUMMARY OF THE INVENTION 

In order to achieve a specific end instead of just starting with that which has been 
10 done before and making marginal improvements, a definition of the desired product and process 
is presented here. The product polycrystalline silicon in grantilar form should have an average 
particle size as large as possible, somewhere between I mm and 3 mm, with as narrow a particle 
size distribution as possible, most advantageously skewed toward the larger sizes. The beads 
should be round (spherical), shiny (high crystallinity), free of dust, meet the same 
15 acceptor/donor, metals, and carbon requirements as chunk polycrystalline silicon, and have low 
hydrogen content to avoid popcoming in the crystal puller. The process should be cost effective, 
energy efficient, robust, easy to operate, easy to automate, easy to control, self-correcting, 
introduce no impurities, and take place in a single reactor, if possible. More specifically, the 
process shotild have internal self-seeding and segregation with selective withdrawal of large 
20 beads, avoid hydrogen contamination of the beads, and have a method to withdraw and package 
the product without contaminating it. 

High purity silicon and similar materials are extensively used for the production of 
semiconductor devices. High pmity silicon is typically obtained by thermal decomposition of 
silicon-bearing gases such as silane, dichlorosilane, trichlorosilane, or tribromosilane refined to 

2 5 remove substantially all impurities. The thermal decomposition is accomplished on a heated 

surface which then becomes coated with the elemental silicon released from the silicon-bearing 
gases. This process is called chemical vapor deposition (CVD). To avoid introducing 
contamination it is desirable that the starting or seed surface on which CVD occurs also be made 
of high purity silicon. The standard industry technique, hot wire or Siemens reactors, uses high 

3 0 purity rods as the seed surface. This technique is expensive in capital and operating cost, 

therefore, it is desirable to adopt an improved technology. Fluidized bed reactors offer the 
possibility of contacting a large surface area of heated silicon with silicon-bearing gas. Test and 
full scale fluid bed reactors have been built for the production of electronics grade silicon, but the 
prior technology has suffered from severe operational and purity problems and has not realized 
35 the full thennal and silicon conversion efficiencies. 

The technology for fluidized bed reactors was developed in the petrochemical 
industry as a cost-effective means to bring solid reactant or catalytic particles into contact with 
reacting gas. Its conunercial success led to research into application of this technology to silicon 
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deposition. Many patents have been issued regarding deposition of silicon-bearing compounds on 
silicon particles. A gas containing a silicon-bearing compound is passed through a fluidized bed 
of silicon seed particles at a temperature high enough to decompose the silicon-bearing 
con^)ound, typically 400**C to HOO^C. Elemental silicon is then deposited on the seed particles 
5 which thereby increase in size. However, when fluidized beds are used for the production of 
elemental silicon, great practical difficulties are encountered with operation and purity. As the 
silicon particles in the bed grow, they tend to stick to each other to form agglomerates. They 
also stick to any other surface in the reactor including the reactor wall, reactor internals, and the 
particle support or gas distribution grid. Such deposits or agglomerates cause the reactor or grid 

10 to become plugged with deposited silicon or silicon particles, interrupting continued operation of 
the reactor. Erosion of the reactor wall, contamination from diluent gases or added seed 
particles, and harvesting and handling the product silicon beads all may make the silicon impure. 

Use of silicon beads is primarily for growth of single crystal silicon ingots in 
Czochralski crystal pullers. Such pullers have particular requirements with regard to their ability 

15 to handle beads, surface contamination of the beads, hydrogen content of the beads, and bead 

behavior on melting. Much effort has been undertaken to resolve these issues, as documented in 
Kajimoto et al's U.S. Pat. No. 5,037,503. Investigators thus far have met with great difficulty, 
however, largely because some of the key issues underlying the transfer of fluidized bed 
technology from its success in petrochemicals (production of organic or carbon-based products) to 

2 0 silicon production are not obvious, even to one experienced in the field. 

The development of fluidized bed reactors originated in the petrochemical industry 
with the development of the fluid catalytic cracker which was focused on minimizing attrition of 
fine catalyst particles. 

Other work was also done in the petrochemical industry with the development of 
25 fluidized coking of heavy petroleum products. For example, Leffer describes such a fluidized 
coker in his U.S. Pat. No. 2,606,144. 

When this fluid bed technology was transferred from the petrochemical industry to 
the production of poly silicon, certain hidden assumptions were transferred with it: that low 
attrition was desirable, that it was not desirable to grind within the reactor itself, and that fine 

3 0 seed particles would be suitable. Similar technology was developed by Brown et al. at General 

Atomic, U.S. Pat. No. 4,080,927, as a method of depositing a pyrolytic carbon layer over a 
nuclear fuel particle. This technology was also utilized in developing technology for the silicon 
fluidized bed reactor, but again, it inherently avoids the deliberate breaking of silicon particles to 
form new seeds. It should be noted that work was done in using jets to form seed for fluidized 
35 cokers by Dunlop et al., CEP, 54, 39 (1958), where particles were ground inside the reactor with 
and without targets and jets but this was not used in polysilicon technology until lya, U.S. Pat, 
No. 4,424,199. 
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The prior process of preparing seed externally results in contamination from the 
container in which seeds are generated by some grinding technique. The problem of generating 
high purity seed for use in production of silicon was recognized by lya in U.S. Pat. No. 
4,424,199 which shows a jet of gas directed downwards into a dilute stream of particles in the 
5 separation boot of a silane pyrolysis reactor, which causes the beads to collide with each other 
and form fines. The major silicon-bearing gas flow is injected above the boot and is directed 
upwards in the reactor and is not used in any way for generation of seeds. Instead, a small high 
velocity jet of diluent gas is directed in the opposite direction through a nozzle. 

It is difficult to control the average particle size in the reactor by adding or creating 
10 small amounts of very small seed, even more difficult when done batchwise. The growth periods 
of the seed can be on the order of days and changes in process conditions within the reactor can 
occur on the order of hours. Thus, it is inherently very difficult to control the particle size in the 
reactor and, heretofore, there has been no report about how such control may be achieved nor 
even a statement of the important parameters. 
15 The present invention provides an improved technique for depositing solid silicon 

onto silicon beads in a fluidized bed reactor using a silicon-bearing source gas which uses a single 
inlet jet instead of a distributor, wherein the jet of silicon-bearing source gas is used to break up a 
small fraction of the silicon beads in the inlet zone of the reactor in order to form smaller 
particles, constituting new seeds, upon which further growth may then occur. The kinetic energy 
20 of the incoming gas is controlled such that it is sufficient to break up the amount of particles 
desired, but not so great such that too many particles will be broken up, reducing the average 
product particle size below that desired. The inlet jet is designed to provide a submerged spouted 
zone such that the large beads in the inlet area continuously circulate and thus are not prone to 
agglomerate as they would if they were stationary for any significant period of time, despite the 
25 velocity of the gas being below the nunimum fluidization velocity. 

The amount of seed generation can be controlled on-line within a narrow range by 
adjusting the kinetic power dissipated by the jet. As the power increases, more and smaller seeds 
are created. The kinetic power can be increased by an increase in the mass or volumetric flows 
and thus increases with an increase in temperature but decreases with an increase in pressure. 
30 Kinetic power can also be changed by changing the inlet gas properties, for instance, by dilution. 
Large changes in seed generation, however, require changing the orifice, a change that cannot be 
made on-line. The number of seeds generated must equal the number of beads harvested. This 
requires judicious use of mass flow rate control for kinetic power because increased mass flow 
rate of silicon-bearing gas also has a direct effect on the material balance by adding more silicon 
35 to the reactor. This in itself requires some additional grinding just to maintain the population 

balance. With proper design, seeds are generated continuously and internally, so there is no need 
to interrupt operation in any way to inject the seed, thus avoiding upset of the population balance. 



' , wo 96/41036 



PCT/US96/09690 



Thus, the problems of introduction of impurities with the seed and external control of the 
population balance within the reactor are both dealt with in a simple way. 

An additional problem associated with prior fluidized beds is that there is no 
effective way to segregate the large particles to be removed as product from the small particles 
5 that have been added to the bed as seeds. That is, the product removed from the bed has a wide 
particle size distribution with a larger than desired amotmt of small seed particles. Ingle 
recognized this in U.S. Pat. No. 4,416,913 in which it was attempted to continuously circulate 
seed particles while removing larger particles from the base of the reactor with a complex 
arrangement of reactor internals. 

1 0 The technology presented by Ingle can be seen to be similar to the technique used 

by Leffer in a coker and it relies explicitly on entraining the particles using Stokes* law, which is 
only applicable for dilute segregation. Use of terminal velocity to separate the beads, referred to 
by some investigators, is also dilute segregation. A Japanese patent application by Uteo of 
Hitachi Corporation, Sho 58-204814, also employed a very similar approach with entrainment of 

15 fine particles out of a mix of fine and heavy particles using a modified conical shape for the 
reactor to provide a change in velocity with height. Uteo's operation is still in the extremely 
dilute segregation regime where small particles are essentially behaving independently. 

Dilute segregation is not a preferred approach because the large separation between 
the particles and the low surface area of particles relative to the distance between the particles 

2 0 promotes formation of undesirable byproduct; amorphous silicon dust or powder. The 

segregation gas must be very pure and at or near reactor temperature. This segregation gas is 
usually a diluent, which inevitably dilutes the silicon-bearing gas in the reactor. In addition, 
considerable ancillary equipment is required to move, heat, and purify this large quantity of 
diluent gas, detracting from the efficiency of the reactor system and adding considerably to the 
25 cost of the overall process. 

The design of Ingle also suffers from a practical point of view because of the 
number of internals in the reactor, all of which would inevitably become coated with silicon as 
described below. These internals appear to be an effort to create an internal vessel for dilute 
segregation. In an attempt to improve the operation. Ingle notes the use of microwaves as a 

3 0^ preferred heating device since the microwaves may be coupled directly to the seed particle. 

lya. in U.S. Pat. No. 4,424,199, made an improvement on Ingle's segregation 
concept by making the seed generating vessel a boot on the bottom of the reactor rather than an 
internal. Since the seed generation is below the inlet of the silicon-bearing gas, the nozzle for the 
downward pointing jet and the wall of the boot are less likely to be coated with silicon than 
3 5 Ingle's internals. The patent suggests batchwise generation of seeds to avoid putting the seed into 
the product rather than the reactor, indicating that continuous segregation was not effective. 

The prior systems use dilute phase segregation with the problems cited, probably 
because of familiarity. Dense phase segregation is much less common, but necessary in the 
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present application of production of high purity polycrystalline silicon. Use of dense phase 
segregation avoids comaminaiion from additional handling of the product and contamination from 
the segregating gases used in dilute phase segregation. The capital cost of additional vessels, and 
the large operating cost and effort of handling and purifying the segregation gases is also avoided. 
5 Prior fluidized beds have been typically designed as dense phase, well-mixed beds 

with cylindrical walls; thus, as the gas proceeds up the reactor the pressure on the gas at any 
point decreases because the height of the bed pressing down on the gas is less. The volume and 
velocity of the gas increase and a velocity profile is set up such that the velocity increases with an 
increase in distance from the gas inlet datum. In such a design, the velocity profile is positive. 

10 i.e., the velocity increases as distance from the inlet datum increases. This provides good mixing 
rather than segregation of particles by size. 

In order to achieve dense phase segregation according to the present invention, the 
velocity profile is chosen to be negative, i.e., as the height increases, the velocity decreases. 
This is done by tapering the walls of the reactor in such as way that the diameter increases as the 

15 height increases. More particularly, the cross-sectional area increases faster than the volumetric 
flow increases such that the upward gas velocity at any point in the column is lower than at the 
point just below it. This is called a negative velocity profile. In such a design the larger parti- 
cles slowly segregate to the bottom of the zone as they are jostled by other particles in a 
mechanism akin to convection by friction. Smaller particles will tend to move to the top of the 

2 0 reactor by a similar mecianism. Thus, over time, the bed will become segregated with the larger 
particles at the lower portion of the bed where the velocity is higher and the small particles will 
be at upper portions of the bed where the velocity is lower. This segregation technique relies on 
a dense phase mechanism, not a dilute phase mechanism as in prior systems; Stokes* law and 
other dilute phase segregation mechanisms do not apply. 

2 5 Use of such a tapered section directly above the inlet zone is beneficial because it 

encourages the smaller seed particles generated in the inlet zone to proceed further up the reactor 
where they have an opportunity to grow larger before they return to the bottom zone where they 
may leave with the product. At the same time, those particles that have grown in the reservoir 
section will drop dovm through the tapered zone in plug flow such that the larger particles will 

3 0 proceed into the inlet zone and receive a final deposit of silicon before exiting the reactor. This 

design will produce a narrower size distribution of relatively large particles, both of which are 
desirable. 

It is possible to taper the entire upper section of the reactor, however, if this is 
done, all the small fine particles will go to the top of the reactor. As the concentration of silicon- 
3 5 bearing species decreases toward the top of the reactor the small particles at the top of the reactor 
will find it difficult to grow mto larger sized particles. Furthermore, it will be necessary to make 
the reactor diameter considerably larger at the top than would otherwise be the case, thus adding 
to the cost of the reactor. It is best, then, that the upper portion of the reactor be returned to an 
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essentially cylindrical form where the velocity profile is again positive after a tapered section has 
been used to segregate the particles prior to entry into the bottom zone where the final deposition 
occurs. A positive velocity profile niixes the upper portion of the bed, providing a larger average 
particle size than would otherwise be the case at the top of the reactor. Thus, all particles will 
5 circulate within this well-mixed zone and will have an equal chance to grow. Furthermore, the 
construction of the substantially cylindrical shape of a relatively smaller diameter is significantly 
less costly than that of a completely tapered shape of larger diameter. 

Another desired result of the tapered zone is that the bubbles formed at the end of 
the jet in the inlet zone can continue up the reactor without extensively contacting the wall of the 

10 reactor. This will reduce the amount of silicon deposited on the wall of the reactor since the 

concentration of silicon-bearing species is expected to be higher in the bubble or dilute phase than 
in the emulsion or dense phase. Thus, wall deposit can be controlled to some degree by 
appropriate design of the taper, given the decreasing silicon-bearing gas concentration with 
increasing height in the reactor above the inlet jet datum. Wall deposits are further discussed 

15 below. 

The methods of deposition are twofold. In the lower inlet zone, particularly in the 
jet, there is significant heterogeneous reaction in which the silicon-bearing gas is adsorbed onto 
the surface of the particles where it then decomposes and a fraction of the silicon deposits, the 
balance leaving the surface with the hydrogen coproduct. Homogeneous reaction with nucleation 
2 0 of the solid reaction product occurs in the gas phase resulting in formation of small (5 to 700 nm) 
amorphous silicon particles. These amorphous silicon particles travel up through the reactor bed 
above the inlet jet where they are filtered out by granular filtration mechanisms. Filtered silicon 
particles recrystallize on the silicon bead granular filter medium, becoming an indistinguishable 
part of the poly crystal line silicon beads. This constitutes the second method of deposition. 

2 5 The jet also forms relatively large (100 to 1000 /xm) seed particles, most of which 

are also entrained by the jet and carried up into the bead reservoir, thus segregating the small 
seeds from the large product. The seeds in the bead reservoir above the inlet zone grow at a 
slower rate than those closer to the higher concentration of inlet silicon-bearing gas. As the 
particles in the upper zone grow they migrate back into the lower area, thus segregation of 

3 0 ^ particles by size occurs. 

A portion of the amorphous silicon powder or dust is recirculated out of the jet 
through the beads as the gas and beads circulate. This powder reenters the jet at the bottom with 
the beads and grows by heterogeneous deposition. The presence of the large number of small 
dust particles acts to suppress homogeneous nucleation and increase the size of the particles 
3 5 formed. This is an important feature because larger dust particles are easier to filter out in the 
upper regions of the bed, 

A big loss in the material balance, which becomes a major operational problem, has 
been the formation of this amorphous dust or powder. This amorphous silicon leaves the 
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reactor, especially if a short bed is used as in most of the prior systems, and conitnues into the 
gas removal systems where it may deposit on the walls and cause various operational problems 
downstream of the reactor. Loss of this silicon reduces the conversion efficiency for the reactor 
and increases operating costs. 
5 The generation and carryover of amorphous silicon have been recognized as a 

problem. A typical way of dealing with this problem has been the use of dilution of the silicon- 
bearing gas with hydrogen or inert gases to reduce the amount of amorphous silicon formation as 
described in Iya*s U.S. Pat, No. 4,684,513, for example. Other methods have included operating 
at lower teii^)erature so that not all the silane reacts, then quenching the silane decomposition 
1 0 reaction on the outlet of the reactor by rapidly reducing the temperature by injecting hydrogen as 
described in Allen's U.S. Pat. No. 4,868.013. 

The disadvantage of the first approach is that additional gas must be provided to the 
reactor and this gas will most likely contain contaminants unless first purified. The reactor must 
be larger for a given production of silicon and the energy consumption will be increased by virtue 
15 of the need to heal the diluent gas up to reaction temperature. 

The disadvantages of the second quenching approach are that additional gas must be 
provided for quenching and the unreacted silane must be either disposed of or recycled, again 
increasing the cost of the overall process. A further disadvantage is the introduction of 
contaminants into the reactor by means of the quenching gas or the need for expensive additional 
2 0 purification steps for the diluent gas since such diluent gases are known to contain contaminants 
such as carbon monoxide, carbon dioxide, hydrocarbons, oxygen, and water. While it may 
appear that gases injected above the top of the silicon bed caimot contaminate the silicon, this 
neglects the effect of the transport disengagement height (TDH). The TDH can be several feet 
tall and is the height above the bed to which particles can be thrown and still remm to the bed. 

2 5 Particles that pass through the quenching gas and then return to the reactor become coated with 

contaminant layers, which are expected primarily to be silicon oxide. It is knbwn by thermody- 
namic equilibrium that pure silicon is an extremely effective getter for oxygen and can remove it 
from water, oxygen, carbon monoxide, and carbon dioxide. The formation of multiple thin oxide 
layers coupled with further deposition of silicon may trap gases such as hydrogen within the 

3 0 growing bead. The silicon/silicon oxide boundaries serve as difftision barriers to the outward 

diffusion of the hydrogen. This may be particularly a problem with the smaller particles since 
once the hydrogen is trapped in the very center of the bead it has to pass many diffusion barriers 
in order to exit from the particle. 

A further dust-related problem encoxmtered in production of silicon beads has been 
35 the large amount of dust that accompanied the beads. These dust particles are very small with a 
high surface area and therefore extremely prone to contamination. Gautreaux in his U.S. Pat. 
No. 4,883,687 recommends two modes of operation: fast and slow deposition. In the fast mode a 
high concentration of silane (about 10 mol% in hydrogen) is fed to the reactor, generating large 
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amounts of dust which adheres to the surface of the silicon beads forming the fluidized bed. A 
slow mode follows where a low concentration of silane (1 to 5 raol% in hydrogen) is fed to the 
reactor, effectively sealing the adhered dust layer with a layer of polycrystalline silicon, thus 
preventing the dust from escaping the reactor. Having to switch to a slower mode of deposition 
5 reduces throughput of product silicon, increases operating cost, and increases contamination from 
diluents. 

The problem of hydrogen contamination of silicon beads was addressed by Boone 
and Allen at Ethyl Corporation in their European Patent, EP 0 377 900 A2. and a U.S. Pat, No. 
5,242.671, respectively, where they provide for a separate dehydrogenation reactor expressly for 

10 the removal of hydrogen from their beads. Another approach taken by Kajimoto et al. at Osaka 
Titanium, U.S. Pat. No. 5,037.503, put the dehydrogenator on the crystal puller for the same 
purpose. Should this not be done, a certain fraction of the beads will explode on heating, causing 
portions of the bead, carrying some liquid, to be spattered around the crucible. This popcoming 
effect is extremely undesirable and results in the inability to sell polycrystalline silicon thai 

1 5 exhibits this behavior, hence the need for the additional dehydrogenation reactor. Provision of 
such an additional external reactor is, of course, expensive because the additional reactor must be 
provided and operated, the beads must be brought back up to temperature, and fluidizing gas 
must be brought up to significant temperature. The temperature of the dehydrogenation is 
typically 850^0 to llOO'^C. There is, of course, the possibility of additional contamination of the 

20 beads during this dehydrogenation process, especially on the surface. 

Recognition of two phenomena, silicon crystallization and granular filtration, allows 
for most of the problems with the prior systems in this area to be turned from problems into 
advantages. First, in a paper by A.M. Beers et al., "CVD Silicon Structures Formed by 
Amorphous and Crystalline Growth," Journal of Crystal Growth . 64, (1983) 563-571, it is shown 

2 5 that at high growth rates, the temperature of deposition must be high to allow crystallization to 

keep up with deposition. For rapid crystallization and growth rates on the order 2 to 3 ^m/min, 
which are desired at the bottom of this type of reactor, the bead temperature must exceed 800 "C 
to get crystalline growth without hydrogen. For temperatures below 720 *'C there will be 
amorphous growth with hydrogen bonded to it, and between these temperatures there will be 

3 0,- amorphous growth without hydrogen. Operation of the deposition reactor at a high enough 

temperamre avoids the need for a second dehydrogenation reactor or device. Second, amorphous 
particles formed in the gas phase can be filtered out in a tall bed using fluidized granular filtration 
at high temperature. The captured amorphous silicon then recrystallizes at temperatures above 
700 °C for low deposition rates and long residence times, becoming an indistinguishable part of 
3 5 the polycrystalline silicon bead. 

Another function of high temperature is to ensure that the particles are sufficiently 
sticky so that small amorphous silicon dust particles, once attached to the larger bed particles, 
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cannot ihen be removed and contribute to dusting on removal of the bed. This will avoid the 
need for multiple process phases and additional equipment. 

By keeping the temperature of the beads in the inlet zone above 800 "C, and keeping 
them at that temperature by the novel heat transfer methods described below, the silicon that 
5 deposits on the beads will be polycrystalline with low hydrogen content. In the past it has been 
erroneously assumed that if the silicon-bearing gas decomposes, crystalline silicon will deposit on 
the beads. The beads in prior systems have been too cold because even if the bulk bed 
temperature has been on the order of TOC^C, the cooling of the distributor plate or injector to 
avoid decomposing the silicon-bearing gas has lowered the temperature of the beads at the 
10 location of highest silicon-bearing gas concentration to between 400*^0 and 600°C. This is so 

low that hydrogen is bound to the silicon and the silicon is deposited in amorphous form: brown 
and dusty instead of a bright, shiny, silvery color. These are the beads that leave the reactor, 
necessitating dehydrogenation and dedusting. 

With the short beds at the low temperature used in prior systems, such as Poong et 
15 al.'s 48 nmi ID X lOOO mm tall reactor at 700**C described in U.S. Pat, No. 4.900,41 1, the 
powder escapes the bed before being filtered. 

In the improved design of the present invention, the tapered zone and the reservoir 
zone act as granular filters with sticky beads capturing the amorphous silicon dust as it travels up 
the reactor with the gas. Stickiness is also discussed below. Since the amorphous silicon powder 

2 0 will be captured and recrystallized, the reactor can be operated at high silicon-bearing gas 

concentrations and at high temperature without fear for loss of reactor efficiency. 

A further process is provided for dealing with routine trace emissions of unreacted 
silicon-bearing gas (which are expected to be very small) and loss of fine amorphous silicon 
particles from the reactor which, as noted above, will depend primarily on the efficiency of the 
25 granular filtration in the upered and bead reservoir sections. The concentration of reactive 

silicon-bearing gas and amorphous silicon powder can be controlled by injection of a halogen- 
containing gas into the effluent piping so that the resulting silicon-hydrogen-halogen ratio is such 
as to etch silicon at the temperature and pressure present in the piping. Such etching will remove 
most or all of the amorphous silicon powder and form halogenated gases such as silicon tetra- 

3 0 chloride, silicon trichlorosilane, dichlorosilane, etc.. or other gases depending on the halogen- 

containing gas injected. The injected gas could be chlorine, hydrogen chloride, silicon 
tetrachloride or their equivalents in other halogens. Such gases can then be routinely redirected 
and recycled through the system to other portions of the plant. Alternatively, they may be vented 
and scrubbed by appropriate techniques. Choice of the halogen-containing gas will normally be 
3 5 dictated by considerations of overall plant process integration and mass balance. 
Blocher et al. at Texas Instruments, U.S. Pat. 
No. 4,117,094 noted the formation of explosive polymeric silicon chlorides of the general 
formula (SiCl2)„ and of means of avoiding them by lowering the temperature. Addition of 
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halogen-containing gases for etching amorphous silicon can also avoid the problems of these 
polymers by choice of silicon-hydrogen-halogen ratios and temperatures in the downstream 
system. Such calculations can be made by one knowledgeable in the calculation of chemical 
equilibrium, by minimizing the concentration of SiClj monomer in the gas phase. In general, the 
5 temperamre will be controlled between 450''C and 750*C to improve the equilibrium while 
maintaining rapid conversion. 

A further process is provided for controlling the reaction rate in the lower portion 
of the bed, gettering oxygen-containing materials to avoid formation of an oxide film on the 
particles, and modifying the mlet gas properties such as the viscosity and density, which in turn 

1 0 affect the particle Reynolds number, RCp, which will be discussed below. This process consists 
of the injection of a halogenated silicon-containing gas, such as silicon tetrachloride, or halogen- 
containing compounds that will react with the silicon-bearing gas to form halogenated silicon- 
bearing compounds, in low ratios: 0 to 5 mole percent of the inlet gas stream. The reaction rate 
is controlled by modification of the intermediate species in the deposition, such as substitution of 

15 SiClj for SiHj. The presence of SiCl^ is acceptable at the bottom of the reactor because it will be 
consumed quickly as a reaction intermediate and will not leave the bed. The formation of 
hydrogen diffusion barriers is prevented by gettering of any oxygen-containing materials through 
the formation of silicon oxide particles in the gas phase. This will avoid formation of a 
continuous silicon oxide film on the particles since the silicon oxide dust will be incorporated as a 

2 0 particle, not as a film. Injection of such a high molecular weight gas as silicon tetrachloride will 
increase the viscosity and density in the reactor that may be beneficial in terms of fluidization. 

A major benefit of silicon beads compared to silicon chunks is the potential for 
continuous addition of beads to crystal pullers. Feeding beads continuously at the correct rate is 
much easier if the beads are spherical and of nearly the same size. Sphericity and particle size 

2 5 distribution have not been addressed directly in the past. Beads have tended not to be very 

spherical and to have a wide panicle size distribution. The smaller beads are even less spherical 
than the larger beads. To produce spherical beads from seeds that are bead fragments, a self- 
correcting mechanism is needed to selectively deposit the silicon on the less-rounded or oblate 
portions of the bed particle. As the silicon deposits on the oblate side, that side will become 

3 0 more rounded and will then rotate to coat another flat section. 

Such a self-correcting mechanism can be described mathematically by application of 
aerodynamic theory and knowledge of the preferential deposition zones. Becker. Can. J. Chem, 
Eng., 37, 85-91 (1959), cited in Penv's 6th . pp 5-64 to 5-65, especially Table 5-21, repons the 
free-fall orientation of particles which is controlled by the particle Reynolds number. Deposition 
3 5 (mass transfer) is described by Zenz and Othmer, pp 467 and 468, especially Figure 14.2. 

By use of the tapered wall and its subsequent effect on gas velocity and the 
resulting segregation of particles by size, the particle Reynolds number. Rep, can also be 
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controUed to some degree within the reactor. It is most important to have spherical particles 
exiting the reactor, therefore, higher particle Reynolds numbers are most desirable near the 
bottom of the reactor. High gas velocity, large particles, and dense gas will increase the particle 
Reynolds munber; a very viscous gas will decrease it. 
5 The choice of silicon-bearing gas and the amoimt and species of diluent will affect 

the minimum particle size for which this self-correcting effect will work. The worst combination 
for spherical beads is silane diluted with hydrogen, especially since more hydrogen is produced as 
silane decomposes. The top of the reactor would likely be nearly 100% hydrogen in that case 
and a well-mixed bed would be expected to produce very nonspherical small beads mixed in with 

10 more spherical larger beads. To obtain a more spherical product, it is important to segregate the 
small particles out of the bonom zone as well as to select operating parameters such that the 
particle Reynolds number is between 5.5 and 200 in the area of high deposition. Design of such 
a system given the above information is straight forward for one knowledgeable in the an. 

The temperature at which a material becomes sticky is called the Tammann 

15 temperature and can be approximated as 52% of the absolute melting temperature. For silicon 

with a melting point of 1410°C, the Tammann temperature is approximately 602*C, i.e., right at 
the range at which almost all silicon deposition patents have indicated as the minimum 
temperature. At these deposition temperamres, silicon deposition is inherently sticky. 

Since silicon can reduce metal oxides, any silicon deposit formed on a metal will 

2 0 react with the underlying metal oxide to form silicon oxide (silica) and metal. The metal can 

diffuse through the silica into the silicon to form silicides, which in turn diffuse through the 
silicon. The silicon thus forms a very strong chemical bond with the underlying surface and 
allows migration of metals through it. 

Particle stickiness will have an effect on plugging at the distributor and on 
25 agglomeration of the particles within the bed should the particles cease to move at sufficient speed 
that they bounce off one another. Also, bed internals will inherently be covered by a sticky 
material that will adhere to the reactor. A solid silicon wall deposit, firmly adhered to the wall, 
forms in silicon fluid bed reactors, which will tend to damage the walls on cool down or if metal 
walls are used which are stronger than the silicon, the silicon will flake off, carrying metal 

3 0 contaminants with it. 

This is particularly a problem in high purity silicon deposition because of the very 
low metal specification, which is on the order of 10 parts per trillion (ppt). The formation of 
potentially contaminating wall deposits, together with the high temperature and the use of 
halogenated gas materials, rules against the successful use of standard chemical processing 
35 industiy metal technology for construction of the reactor and associated valves and piping. This 
was recognized early by Ling, U.S. Pat. No. 3,012,861, and reiterated by Ingle et al., U.S. Pat. 
No. 4.416,913, among others, who recommended the use of high purity quartz as a reactor 
material. The advantage of quartz is it is exceptionally pxu-e and is, of course, silicon oxide, thus 
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any contamination of quartz will add silicon and oxygen rather than metals. The current 
specification for oxygen is in the low parts per million range. Oxygen is present as a native 
oxide on the surface of all silicon, especially those surfaces that have been exposed to air. Other 
materials of construction taken from the pyrolytic carbon industry were variations on graphite 
5 such as silicon carbide coated graphite or sintered silicon carbide, which both suffer similar 
contamination migration problems. 

A major problem of prior systems has been plugging of the distributor, reducing the 
capacity of the bed, and requiring shutdown for repair or replacement, and frequently breaking 
the reactor. Efforts to control this problem have included cooling the distributor as described by 
10 lya in U.S. Pat, No. 4,684,513 and by Poong et al. in U.S. Pat. No. 4.900,411. A similar 

problem has been deposits of silicon on the wall of the reactor, addressed by temperature cycling 
described by Setty et al, in U.S. Pat. No. 3,963,838 and by cooling of the wall described by 
Poong et al. in U.S. Pat. No. 4,900,411. These efforts lead to significant thermal inefficiencies 
for the reactor system and a significantly (four times) larger microwave generator for the same 
1 5 poly silicon throughput . 

In fluidized beds generally, bubbles form at the tip of the submerged jet or jets and 
these bubbles then form a bubbling fluidized bed in the area above the submerged jet(s) if the 
zone is designed in such a way to ensure the formation of bubbles. These techniques are known 
to those knowledgeable in the art and involve the calculation of the minimum fluidization velocity, 
2 0 u„f. If this velocity is exceeded, then the area of the bed will be fluidized, the particles will tend 
to move about as a group, and, should the velocity be sufficiently in excess of the minimum 
fluidization velocity ^ then the particles will not stick together. 

No internal devices of any kind are required within the reactor of the present 
invention, therefore, there is no possibility of deposition on such internal devices. For example, 
2 5 there is no particle support distributioa plate on which silicon may be deposited or various 

agglomerations may start to grow so there is no need for cooling such a plate with its consequent 
thermal inefficiencies. Silicon-bearing gas enters the bed at a single nozzle at the bottom of the 
reactor. Thus, it is possible to utilize a variety of heating systems to provide the required heat 
for such a reactor. 

30 ^ As noted previously in discussing lya*s U.S. Pat. No. 4,684,513 and Poong et al.'s 

U.S. Pat. No. 4,900,411, it is desirable to heat the seed and bed particles to a higher temperature 
than the reactor wall to reduce wall deposits. Both lya and Poong et al. did this by heating the 
bed then actively cooling the wall. 

Heating the bed to a higher temperature than the wall is most conveniently done by 

35 providing much of the heat at or close to the interface of the cool inlet jet with the hot silicon 

beads. This concentrates the heat in the bottom of the reactor where the incoming gas has a large 
heat requirement in order for it to be heated up to the operational temperature of the reactor. 
The beads quickly heat up the incoming gas, but are cooled themselves and must be reheated. It 
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is desirable to reheat the beads as close to the jet as possible to keep the bead temperature high in 
the jet area where the silicon-bearing gas concentration is highest and most of the decomposition 
and deposition take place. It is important to avoid overheating the incoming silicon-bearing gas 
prior to its contact with the hot beads to mixmnize wall deposits in the gas inlet. 
5 Prior patents have used microwaves with active cooling of the walls to obtain some 

penetration of the microwaves through the silicon wall deposit, but the cooling results in 
inefficient use of energy. Attempts to reduce the cooling result in a runaway situation of higher 
wall temperature and greater absorption of the microwave energy by the wall deposit as the 
temperature increases » which leads to a further increase in wall temperature and to increased wall 

10 thickness from an increased reaction rate near the wall. This phenomenon of higher absorption at 
higher temperatures is caused by the decrease in penetration of the microwave energy through the 
wall deposit as the electrical conductivity of the silicon increases with the increase in temperature. 

The innovation of the present invention in this regard is to inject the required 
energy up the gas inlet to the reactor in such a way as to heat the beads without overheating the 

15 silicon-bearing gas. This can be done by using a focused beam of electromagnetic energy of such 
a frequency distribution that the silicon-bearing gas is transparent to most of the energy but the 
silicon beads effectively absorb the energy. The spectra of the silicon-bearing gases and 
polycrysialline silicon are known or can be measured so that the frequencies at which the gases 
absorb can be avoided while the energy is -absorbed by the silicon beads. For example, a carbon 

2 0 dioxide (CO^) laser emitting at 10.6 microns can be used in a trichlorosilane reactor but not in a 
silane reactor because silane absorbs electromagnetic energy at this frequency. A neodymium 
yttrium aluminimi garnet (Nd:YAG) laser emitting at 1.064 microns can be.used with either 
trichlorosilane or silane. While lasers are easy to direct and have a narrow frequency 
distribution, they are relatively inefficient and expensive to purchase and operate. Another 

2 5 approach is to use one or more high intensity quartz-halogen or xenon lamps with appropriate 

reflectors, filters, and lenses. These typically have high efficiency (25 to 40%) and are 
inexpensive, but have short lives, on the order of 400 to 1000 hours. Thus, an arrangement is 
needed so that the lamps can routinely be changed out without disrupting the operation. 

For silane it is possible to provide the heat chemically by reacting the silane or 

3 0 silicon beads with chlorine or hydrogen chloride. Approximately 2.5% of the silane flow will 

react with chlorine to provide sufficient heat to heat the silane from 400**C to 850 ^'C. The 
addition of halogenated silicon compounds is discussed elsewhere with respect to control of the 
reaction rate and gas viscosity. It is also useful in keeping the injector tube tip clear for the 
addition of electromagnetic energy, as well as preventing growth of wall deposit near the silicon- 
35 bearing gas inlet. Thus, addition of the elemental halogen provides the additional benefit of 
providing the reaction heat. 

Further up the reactor the gas and beads are both the same temperature, so the only 
heat requirement is that needed to offset heat losses through the wall of the reactor. This heat 
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requirement can be provided by any convenient source, which is usually the same as that provided 
for initial heat up. 

The distribution of this heat can thus be designed by one knowledgeable in the art 
once aware of the different circulation patterns within the reactor. In a conventional fluidized 
5 bed, mixing makes zone heating difficult. In the present invention, where there is more than one 
zone, it is possible to provide heat where it is required to establish the temperature gradient 
needed for optimal reactor performance. Thus, a temperature gradient may be established 
without the high energy penalty of prior systems. The heat losses from the wall can be signifi- 
cantly reduced by utilizing an "air gap" via dual wall construction, and by use of thermal 
10 insulation, such as alumina/silica fibers, which is transparent to microwaves but provide high 

resistance to the transmission of heat, i.e., has low thermal conductivity. The combination of the 
dual wall plus the insulation is desirable because the insulation is a source of contaminants, such 
as sodium, which can travel through quartz. Use of a dual wall also allows use of a purge flow 
of gas to sweep the sodium and other contaminants out of the gap. The drop in temperature 
15 across the air gap also reduces the peak temperature of the insulation, which then reduces the 
vapor pressure and vapor phase concentration of contaminants in the insulation itself. 

It is possible to allow for some active cooling of the reactor wall and thus provide a 
greater temperature profile across the wall as suggested by Poong et al. Since deposition of 
silicon on the wall is known to be related to the difference in temperature between the bed and 
20 the wall, such cooling may be desirable in controlling the thickness of the silicon deposit in 

conjunction with the concentration gradients and fluidization state mentioned previously. At the 
bottom of the reactor where the concentration of silicon-bearing species is high, a relatively 
cooler wall reduces the thickness of the silicon wall deposit in an area where it is otherwise very 
likely to be thick. At the top of the reactor where the concentration of silicon-bearing species is 
25 low, it is more desirable to have a wait temperature as high or higher than the bed so that the 
silicon will form a protective deposit on the wall. 

It is possible for one skilled in the art of heat transfer to employ the above purge 
gas flow between the reactor wall and an outer wall or shroud to generate the desired temperature 
profile of the wall. lya and. Poong et al. have suggested actively cooling the wall to avoid the 
3 0,., presence of any silicon deposit at all, but this results in extremely high energy input relative to 
that obtainable by insulation of the wall and avoidance of active cooling. Also, erosion of the 
wall by the fluidized bed would result in erosion of wall material rather than silicon, which could 
lead to contamination of the product. The silicon layer on the wall provides a high purity barrier 
between the high purity silicon beads and the reactor wall, which, although high purity material, 
3 5 is not the high purity silicon of the beads or a wall deposit, and will contain impurities that may 
be deleterious to the product. Thus, a thin wall of silicon is desirable as a barrier on the reactor 
wall. The wall deposit can be etched using a halogen-containing gas in order to cool the reactor 
without breakage. 
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Other methods of reducing wall deposition are to keep silicon-bearing species away 
from the wall and to reduce the heat transfer to the wall from the bed. In the inlet zone where 
the circulation is induced by the jet, the wall is protected by a downward moving screen of beads. 
In the tapered zone the bed operates in a bubbling regime where the bubbles are smaller than the 
5 reactor diameter. In the upper bead reservoir zone, slugging conditions are permitted in order to 
form a protective silicon wall deposit in areas of low silicon deposition rates and relatively high 
erosion. 

In a typical shutdown scenario, the silicon-bearing gas concentration and the bed 
height would be progressively reduced and compensated by an increased flow of fluidizing gas. 

10 Just prior to the shutoff of the silicon-bearing gas flow (which is in itself an effective getter of 
many oxygen-containing species), the halogen-containing material is injected as described 
previously to etch the reactor before cooling in order to avoid breakage. This technique ensures 
that an oxygen gettering gas is always present inside the reactor. Avoidance of an oxide film 
gives faster etching of the silicon wall deposit inside the reactor and prevents the formation of 

1 5 fine filamentous streamers of silica inside the reactor, which must be removed prior to restarting 
of the reactor. 

In the event that this approach may not be feasible for whatever reason, a further 
approach can be used in which another bed of silicon or other material is put into the reactor after 
the product material has been withdrawn. This bed is then used to agitate and abrade the silicon 

2 0 oxide layer formed on the silicon wall deposit. The latter approach is not preferred, but is 

feasible in the event of an unplanned shutdown where the halogen-containing material was not 
injected on a timely basis. 

A further problem of prior systems is the failure to recover sufficient heat from the 
reactor to heat the incoming gases up to the inlet temperature, typically 350°C to 450'*C. Such 
25 heat recovery can reduce healing and cooling requirements and thus reduce operating costs. 

A process to cool the large product beads as they are removed is provided using the 
heat in the beads to preheat the incoming silicon-bearing gas, thus reducmg the overall energy 
demand on the process. This technique can be implemented using an annular heat exchanger 
disposed around the inlet of the reactor. More specifically, a center injector tube carrying the 

3 0 silicon-bearing gas is placed inside the inlet nozzle of the reactor. In the annulus around the 

center tube a stream of beads is continuously removed in a way that avoids adhesion or 
agglomeration of the beads and to transfer heat to the incoming silicon-bearing gas. 

In particular, the design of the inlet silicon-bearing gas nozzle is very important in 
preventing deposition of silicon inside the nozzle while allowing heat transfer to the silicon- 
3 5 bearing gas from the outgoing bead. Such a nozzle can be designed by using a double wall 

structure such that a gap, which may be vacuum or backfilled with inert, reduces the heat flux 
from the outside beads through the wall into the silicon-bearing gas. This should keep the inner 
wall temperature below the decomposition temperature of the silicon-bearing gas, thus preventing 
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a silicon wall deposit inside the inlet tube. For silicon-bearing gases that thermally decompose, 
this temperature is in the range of 400*C to 600*'C. It is advantageous from a heat transfer point 
of view for the wall temperature to be as high as feasible without incurring deposition. This is 
most conveniently arranged by varying the distance of the "air" gap. Where the "air" gap is 
5 larger at the top of the exchanger, the heat transfer from the hotter beads on the outside is slowed 
in such a way that the inner wall temperature can remain constant, thus maximizing heat transfer 
to the silicon-bearing gas and maximizing cooling of the beads without initiating deposition on the 
wall. 

It is advantageous after a certain length, when the beads have cooled down to. 

10 approximately 50O'*C, to discontinue the double wall approach and thus allow a faster rate of heat 
transfer than would have been feasible if a double wall had been continued. It is feasible to 
design a reactor without a heat exchanger or to design it so that the beads are not cooled by using 
a larger gap and continuing the gap for a longer period. Such an approach may be desirable if an 
additional bead processing step is desired underneath the deposition reactor in which the bead 

15 temperature is needed to be maintained at a relatively high temperature. 

An alternative design to maintain overall energy efficiency of the system is to 
preheat the incoming silicon-bearing gas with the outgoing gas from the top of the reactor. Using 
the outgoing stream requires a larger surface area heat exchanger such that it is not particularly 
20 practical to design it as an integral part of the reactor. Thus, the silicon-bearing gas temperature 
entering the reactor must be higher with possible difficulties in sealing the inlet joint because of 
the high temperature. This design is best for silicon-bearing gases where the heat content of the 
product beads is insufficient to raise the inlet temperature to the desired temperature. 

A further process can be provided underneath the reactor to provide additional 
25 processing steps as may be needed to modify the bead appearance and/or pxirity. A passage 

between the upper reactor and the lower product fmishing chamber is used as a downcomer such 
that the beads fall at a steady rate into the lower chamber. Using pressure balance, it is feasible to 
feed other gases into the lower chamber then vent them without significant quantities of those 
other gases getting into the reactor. Such steps could be used for final removal of hydrogen, 
3 0 , etching of the beads to reduce surface impurities that have migrated to the surface, recrystallizing 
the internal structure of the beads, or holdmg the beads at a higher temperature for a longer 
period of time for simple annealing. 

To allow continuous removal of beads from the reactor with packaging into discrete 
containers a degasser and bead diverter have been devised. The degasser serves dual purposes: it 
3 5 removes the reactor gas from the bead flow before packaging and it controls the flow of beads 
out of the reactor. Beads that have been cooled by the heat exchanger on the bottom of the 
reactor travel in dense phase flow out of the heat exchanger into the degasser. The beads form a 
fixed bed in the degasser, which is designed to allow the beads to flow smoothly without dead 
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zones. The walls of the degasser and bead di verier should be of a noncontaminaiing material. 
Non-silicon-bearing gas is piilsed into the gas port on the degasser in quantities, durations, and 
frequencies to move a prescribed quantity of beads into a subsequent veitical degasser tube or into 
the bead diverter. As the beads move down the degasser, the reactor gas is replaced with inert 
5 gas and vented out the top of the degasser while the beads fall through a separate inert gas streana 
rising from the bead diverter. 

It is in the vertical degasser tube that bead flow and on-line particle size may be 
best measured and any surface ueatment effected. Noncontact methods of solid flow 
measurement, such as weigh cells on the reactor and transfer vessels, volumetric measurement 

10 using graduations on a cylindrical transfer vessel, microwave levels, or ultrasonic levels may be 
used. On-line particle size analysis is best done with a noncontact optical method, exploiting the 
transparency of the quartz wall. Surface treatment using high intensity light or lasers to smooth 
and round the surface is also noncontact, again exploiting the transparency of the quartz wall. 

The bead diverter receives the silicon beads in a stream containing any of the 

15 reactor gases toward the top of a vertical or nearly venical tube with an inert stripping gas 

introduced near the bottom of the mbe. The beads fall as a dense or dilute phase through the 
inert gas, effeaively stripping any remaining reactor gases from the beads, landing on a small 
pocket of silicon beads at the bottom of the mbe. Various other tubes radiate out from the bottom 
of the vertical tube toward the vessels intended to receive the silicon beads. The inert gas is 

2 0 introduced into all the radial tubes except the ones where the vessels are filling, motivating the 

beads toward their intended destinations. 

After a short radial shunt, the beads again fall through a vertical or nearly vertical 
tube through one or more gas-purged valves. These valves may be closed on the other radial 
mbes not passing silicon beads, or the inert gas may be passing through the valves if gas isolation 
25 is not required. The beads continue into the receiving vessel under the inert atmosphere until the 
vessel reaches an acceptable fill level, the gases going out through a pressure or flow controlled 
vent. When the fill level is reached, the inert gas flow is increased and the vent closed and 
another vessel is opened simultaneously or nearly simultaneously to divert the bead flow from the 
first vessel to the second. After a short time in which residual beads have fallen out of the 

3 0 vertical tube, the gas-purged valves are closed and the purge rate increased to maintain internal 

pressure so that the vessel can be disconnected for transport to another location. 

Therefore, it is a main object of the present invention to provide a low cost, 
efficient, fluidized bed reactor system for the production of high purity polycrystalline silicon in 
granular form in which the product beads are uniformly large, shiny, round, and free of 
3 5 hydrogen, dust, and other contaminants. In the process seed particles are not added to the bed, 
but are instead generated inside the bed without contamination. Also, segregation of large 
particles takes place inside the bed itself in dense phase. 
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Another principal object of the invention is to incorporate the amorphous silicon, 
generated through homogeneous gas-phase reaction, by recrystallization into the polycrystalline 
silicon product while avoiding incorporation of hydrogen, thus integrating hydrogen removal into 
the reactor design and avoiding the need for a second dehydrogenation reactor or device. In addi- 
5 tion. the present invention provides a method for removal of the product silicon from the reactor 
without contamination of said product. 

Other objects of the invention are to minimize the addition of non-silicon-bearing 
gases, provide a reactor system that eliminates the problems associated with the clogging of 
distributor plates without cooling said distributor, and produce a narrow particle size range in the 
1 0 product beads. Further objects are to avoid plugging of the downstream piping and equipment 
and to recover most of the heat needed to preheat the incoming gases. 

A further object of the invention is to avoid the placement of internal structures 
within the reactor that will be prone to deposition of silicon-bearing materials and to manage or 
remove such silicon deposits as may be formed to avoid breakage of the reactor. 
15 In simimary, the present invention concerns a device and method for producing 

large, uniform, round, shiny, high purity polycrystalline silicon beads. The reactor is made of 
high purity silicon-containing material such as quartz and is defined by two or three zones: an 
inlet zone and a bead reservoir zone arranged vertically. In some embodiments, a third tapered 
zone is positioned between them. A shroud around the reactor acts as a contamination and 

2 0 thermal barrier. The inlet zone is about the same height as the diameter of the reactor and the jet 

formed by the inlet silicon-bearing gas entering through an inlet port at the bottom of the reactor. 
The tapered zone is about two or three times the height of the inlet zone, as required to achieve 
separation of the beads by size. The bead reservoir zone is at least three to five times the volume 
of the lower two zones. 

25 The functions of the reactor are integrated, although some principally occur in 

specific zones. The inlet zone provides the internal seed generation as the jet grinds some of the 
large beads in this zone to form seed material, which then migrates up the reactor to the other 
two zones. (Depending on the operation of the reactor, grinding may also occur among beads in 
another zone or by contact between beads and the wall of the reactor). The tapered zone with its 

3 0 negative velocity profile promotes the internal segregation in the dense phase needed to harvest 

silicon beads with large average particle diameter with narrow particle size distribution. Large 
beads go down in plug flow while the small beads and gas go up. Some deposition takes place in 
this zone by granular filtration and by CVD, although the silicon-bearing gas concentration is 
low. The bead reservoir zone provides residence time and space for granular filtration of the 
35 amorphous silicon formed in the inlet zone onto sticky beads at high temperature. Amorphous 
silicon is recrystallized at high temperature throughout the reactor, but especially in the bead 
reservoir zone, to form an indistinguishable part of the silicon beads. Some slugging occurs in 
this well-mixed zone. 
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The inlet zone has the highest concentration of silicon-bearing gas and the highest 
decomposition and deposition rates occur in this zone. Deposition by CVD takes place here, 
although much of the inlet silicon-bearing gas will decompose in the gas phase to form amorphous 
silicon. High circulation rates keep this zone well mixed. The beads are kept hot by injection of 
5 chemical or light energy directly to the jet through the gas inlet tube, said light energy is not 

absorbed by the gas, only by the solid beads in the jet. High temperature allows for deposition of 
the silicon in crystalline form without incorporating hydrogen, thus making unnecessary a 
separate dehydrogenation process. The beads are made round in this zone by controlling the gas 
density and particle size to keep the particle Reynolds number high enough that deposition 
10 preferentially takes place on the flanest surface of the bead. 

Plugging is avoided by not having any internal structures, including a distribution 
grid- Halogen-containing gas is injected to digest residual silicon-bearing gas and excess powder 
at the reactor gas outlet at the top of the reactor where the gas is recycled back to the silicon- 
bearing gas production facility. 
5 Beads are removed at the bottom of the reactor and cooled with the incoming 

silicon-bearing gas, which is thus preheated. Additional bead processing steps are permitted in 
the bottom withdrawal tube of the reactor such as further segregation, polishing, or annealing, as 
needed. Bead flow is controlled and the beads are stripped of reaction gas in the degasser. 
Beads arc directed to transfer vessels by a bead diverter. 

0 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings : 

FIG. 1 is a vertical, cross-sectional, schematic view of a fluidized bed reactor for the production 
of silicon. 

;5 FIG. 2 is a vertical, cross-sectional, schematic view of a reactor according to the present 
invention, 

FIG. 3 is a sectional view taken along line A - A of FIG. 6 or FIG.7. 
FIG. 4 is a sectional view taken along line B - B of FIG. 2. 
FIG. 5 is a sectional view taken along line C - C of FIG. 2. 
1 0 FIG. 6 is an enlarged vertical, cross-sectional, schematic view of the inlet zone, gas injector, and 
bead exit of the reactor of FIG. 2 with integrated heat exchange, the bead exit having a taper of 
0°<A<65°. 

FIG. 7 is an enlarged vertical, cross-sectional, schematic view of the inlet zone, gas injector, and 
bead exit of the reactor of FIG. 2 with decoupled heat exchange, the bead exit having a taper of 
35 0**<A<65^ 

FIG, 8 is a vertical schematic view of a bead removal system having a bead degasser, particle 
measuring and treatment systems, a bead diverter assembly, purged bead diverter valves, and 
removable storage containers. 
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FIG. 9 is a vertical, cross-sectional, schematic view of a purged bead diverter valve. 
FIG. 10 is a vertical, cross-sectional, schematic view of an on-line particle measuring system. 
FIG. 11 is a vertical, cross-sectional, schematic view of a particle treatment system having a 
source of high intensity light for heating the surface of product beads. 
5 FIG. 12 is a schematic diagram of a system for removing oxygenated compounds from diluent 
and/or inert gases. 

FIG. 13 is a plot of the particle size and the cross-sectional diameter of a reactor vs. the height of 
the reactor. 

FIG. 14 is a plot of the particle size distribution in a reactor at different heights above the inlet. 

10 

DETAILED DESCRIPTION 
FIG. 1 schematically illustrates a prior silane reactor at 10 which processes ultra- 
high purity silane feed material entering the reactor at 11 to produce by-product hydrogen which 
exists at 12 and silicon product particles 3, which are recovered at 14. A pyrolysis reaction 

15 occurs in fluidized bed 13, in which are suspended silicon particles 33. The fluidized bed is 
heated by suitable heat source 35, to a temperamre at which the silane decomposes to produce 
silicon which deposits on particles 33, in the fluidized bed 13, and causes silicon particles to grow 
and become enlarged. As the silicon particles in the fluidized bed become enlarged, they reach a 
size where they are no longer able to be fltiidized and will descend from the fluidized bed into a 

20 boot separator chamber 15, which is designed to receive the enlarged silicon product particles 3 
from the fluidized bed 13. Gas 16, e.g.. hydrogen, is introduced through a perforated member 
18 at the bottom of the boot separator chamber. The flow of gas 16 is,controlled such that it will 
upwardly transport relatively small seed-sized particles of silicon, but will not interfere with the 
downward movement of enlarged silicon product particles. Small seed-sized particles will be 

2 5 transported through the top 19 of the boot separator chamber and enter the fluidized bed as seed 

particles. Such small particles will grow during the reaction in the fluidized bed and become 
enlarged and descend as silicon product particles into boot separator 15. 

The method of generating seed particles includes the placement of a tube 20 into the 
boot separator chamber 15.^ A nozzle 22 at the end of tube 20 is aimed in a downward direction. 

3 0. A suitable fluid 21, which is preferably recycle hydrogen, but could be another inert gas such as 

argon or helium or even some of the feed silane. is then introduced through tube 20 and exits 
nozzle 22 as a high velocity jet pointing downward within the boot separator chamber 15. The 
fluid jet exiting nozzle 22 causes turbulence and some of the silicon product panicles in boot 
separator chamber 15 are moved so as to impinge upon one another and thereby be comminuted 
3 5 into smaller seed-sized particles of silicon. The upward flowing gas 16 transports the generated 
seed-sized silicon particles upward and through the top 19 of the boot separator 15 into fluidized 
bed 13. The fluid jet from nozzle 22 causes the enlarged product particles in the boot separator 
15 to be abraded and comminuted by contact with each other to generate seed-sized silicon 
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particles. This technique eliminates any handling of the product and generates seed-sized material 
as needed directly below the fluidized bed. 

The operation of this fluid jet silicon seed particle generator is preferable employed 
in a periodic fashion. That is, the fluid jet seed generator can be operated for a portion of the 
5 reactor operating time such as one-quarter to one hour to generate seed-sized particles for the 
fluidized bed in the reactor. The reactor can then operate on this seed material with the panicle 
size of all the suspended material increasing and thereby generating larger particles which are 
suitable for removal as product 14. The product material can then be removed and another batch 
of seed material generated. The silane pyrolysis reactor itself would operate in a continuous 
10 mode with periodic removal of product material and periodic generation of seed material. 

Although not preferred, it is possible for the fluid jet generator to operate continuously in order to 
generate some seed material on a continuous basis. However, such continuous operation is not as 
attractive in tenns of interference with removal of the silicon product particles 14. Preferentially, 
the fluid jet would operate for a short time to generate some fines. Those fines would then be 
15 fluidized and grown in the fluidized bed section, with larger panicles being generated. Some of 
the larger generated particles would be removed as product and then seed material would be 
generated once again. 

The gas velocities within the fluidized bed are usually related to the diameter of the 
particle and to the properties of the gas by a term known as minimum fluidization velocity and 
20 the velocities within the reactor are typically in the range of two to six times minimum 

fluidization. Operation at these higher levels of flow and two to six times minimum fluidization 
is usually required to prevent particle agglomeration and plugging of the particle support plafe 26 
which has significant problems which interfere with the continuous operation of the reactor. The 
plugging of the particle support plate is particularly troublesome because it ultimately will plug 
25 the entire reactor and form a large silicon deposit which is extremely difficult to remove. For 

most reactors constructed of high purity materials such as quartz or silicon carbide, this plug may 
well break the reactor on cool down. 

The design of the removal tube 24 or boot separator 15 can be done in such a way 
as to provide an opposing gas stream which can serve the purpose of preventing the exiting of 
3 0 silicon-containing materials from the reactor that can be entrained in the exiting particles and also 
to attempt segregation of larger particles from smaller particles. Prior attempts at this rely on 
segregation in the removal tube, sometimes termed boot. This removal relies on the difference in 
settling velocity b^een small and large particles. However, it is a feature of fluidized beds that 
the particles tend to act as a whole rather than as individual particles and thus, unless 
3 5 exceptionally large quantities of gas are used such that the particles are substantially independent 
of each other, it is exceptionally difficult to obtain significant segregation in this way. Use of 
such large quantities of gas requires the recycle of pure hydrogen, but the facilities for such 
purification and recycle are expensive and contamination prone. 
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FIGS. 2-7 show a basic reactor system according to the present invention. The 
system includes a reactor vessel 101, a shroud 127, and an outer containment system 110. The 
reactor vessel has a wall 111 that defines a chamber 103 having plural zones to contain a bed of 
silicon beads 102. In the illustrated embodiment, these include an inlet zone 116, a tapered zone 
5 118, a reservoir zone 120, and a disengaging zone 122. The illustrated tapered zone 118 and 
reservoir zone 120 are portions of a region that is referred to herein as the upper zone. The 
outer containment system 110 provides personnel protection from hot surfaces and is tertiary 
containment for the reactor and heating system from the surrounding environment. A shroud 127 
serves as a contamination barrier between the heating system from the reactor and serves as 

10 secondary containment of leaks that may occur, should reactor wall 111 break for any reason. 

Reactors according to the present invention have a heating system to heat up the bed 
102 to operating temperature, to compensate for heat loss through the reactor wall 111, and to 
provide process heat to the incoming gases 113, 115, 143, to bring them to operating 
temperature. The beads inside the chamber need to be maintained at an operating temperature of 

15 at least 500 ''C sufficient to cause silicon to deposit from silicon-bearing gas onto the beads. It 
can be seen from the following discussion that the choice of a heat source is related to its 
purpose, location, and the choice of material of construction for the reactor. The illustrated 
reactor heating system comprises jet heating devices 141, 143 and wall heating systems 128, 129. 
Specific locations for heat input are the wall 111 of the reactor and a gas inlet passageway 130 

20 defined by a gas inlet tube 131, which passageway 130 is positioned to deliver a silicon-bearing 
gas into the reactor via a fluidizing inlet 104 at the top of the tube 131 . 

Use of a jet heating device 141 and/or 143 extends the list of choices for reactor 
materials of construction. In systems without a jet heating device, a wall heating system must 
provide all the process heat to the incoming gas, which leads to greater heat fluxes, higher wall 

25 temperatures, and thicker silicon wall deposits as the reactor is scaled up. 

The purposes of initially heating the bed and compensating for heat losses can be 
easily met by low cost, reliable resistance heaters 129 as shown in FIG. 2 and FIG. 5. These 
have the advantages of low capital cost for high startup power and large turndown for low 
operating cost. 

3 0 The process heat requirement is at the bottom of the reactor. Best results are 

obtained when the beads in the inlet zone 116 are maintained at a temperature of 700 *C to 
nOO'C, during deposition of silicon on the beads, to reduce the hydrogen content of the beads 
and to promote polycrystalline structure throughout the beads. Resistance heating through the 
wall in this area is not a good choice because of high wall temperatures, but a microwave or 

35 infrared heat source 128 and jet heating devices 141 and/or 143 are good choices. Microwave 

heatmg 128 through the wall 111 may require active cooling of the wall 111 m the inlet zone 116 
at the base of the reactor to achieve the desired penetration into the bed, but this may be cost 
effective in a localized area. Infrared heating does not penetrate into the bed like microwave 
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heaiing, but is less complex and less expensive. Microwave and infrared heating are mutually 
exclusive at any given location. Jet heating is advantageous because heat is injected in the center 
of the reactor, but may be expensive to build and operate. Either a ncdcrowave or an infrared 
heating device 128 and either or both jet heating devices 141, 143 can be operated simultaneously 
5 in the embodiment shown in FIGS. 2 and 4. FIG. 4 shows a microwave zone system where the 
entire cavity 112 between the shroud 127 and the outer metal shell of the containment system 110 
can be filled with insulation 140. This insulation should be substantially transparent to 
microwaves. It is known that insulation manufactured from a mixture of aluminum oxide and 
silicon dioxide will be effective for this purpose. The containment system 110, especially in the 

10 inlet zone 116. can also be actively cooled, such as with a water jacket. 

In the upper zone 118, 120, resistance heaters 129 are directly located next to the 
shroud 127 with insulation 140 between the heaters and the outer shell 110 as shown in FIG. 5. 
The upper zone 118, 120 should be sized, shaped, and heated so that beads will be held in that 
zone at a temperature of 700 "C to 1200 for 1 to 24 hours to reduce the hydrogen content of 

15 the beads and promote polycrystalline structiu'e throughout the beads. The best approach is to use 
resistance heaters 129 for the upper zone 1 18, 120 with an optimized configuration of jet heating 
devices 141 and 143 and microwaves from a microwave source 128 for the inlet zone 116. 

A thermal conductivity detector (TCD), connected by a sample line to the annular 
space or cavity 109 between the reactor wall 111 and the shroud 127, can be used to detea any 

2 0 leaks of process gases from the reactor. If quartz is used as the material of construcdon for the 

reactor wall 1 1 1 and the shroud 127, which is best to achieve the heat transfer and purity goals, 
hydrogen will pass at an appreciable rate through the quartz at elevated temperatures. An inert 
purge, preferably nitrogen, can be used with a TCD to avoid unsafe conditions in the area sur- 
rounding the reactor. The purge gas can be handled by a gas circulation system (not shown) 
25 which flows the gas through the space'109 and thereby diverts and captures any external 

contamination flowing toward the wall 111 and any gas that escapes through the wall 111. The 
space 109 is in thermal communication with the wall 111 so any heat escaping from the vessel is 
also transfered to the purge gas. 

The reactor vessel 101 can be made from any high purity silicon-containing 

3 0 material. The illustrated wall 111 is substantially one piece, although portions of the reactor may 

be made of more than one piece, A particular case where it is convenient to make the reactor in 
more than one piece is at the bottom of the reactor where the tubes for inlet gases 113, 115, 143, 
and a silicon bead removal mbe 114 all come together. These tubes, including a tube 135 (219 in 
FIG. 8) which serves both as a gas inlet tube and as an outlet or bead withdrawal tube, may be 
3 5 conveniently fabricated separately and inserted into the reactor as shown in FIG. 6 and in cross- 
section in FIG. 3. As shown in FIG. 7, the bead removal tube 114 (with gas inlet 219 shown in 
FIG. 8) can also be separate from the inlet gas tube 135 in the event that it is not desirable to 
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have heat transfer between the inlet gases 113. 143 and beads that exit through tube 1 14. 
Alternatively, it is possible to fabricate the entire assembly as one unit. 

Prior to injection of silicon-bearing gas to flnidize the beads, it is desirable to 
remove any oxygen-containing contaminants from the vessel and beads by reacting with a 
5 halogen-containing gas. This can be accomplished by injecting a halogen-containing gas 143, 
supplied from a suitable source, through inlets 104, 106 at the top of tubes 131, 132. The 
halogen-containing gas reacts with silicon-containing species on the beads of wall to form 
halogenated silicon-bearing gases which in turn reaa with contaminant films to form solid 
particles. The solid particles are swept out of the reactor by the gas flow. The halogen- 

10 containing gas may include a diluent gas. 

To accomplish silicon deposition, a silicon-bearing gas 113 is injected at a velocity 
sufficient to form a fluidizing jet 117 when it enters the bottom of the chamber 103 through the 
inlet 104. The silicon in the silicon-bearing gas can be in the form of silane compounds, 
halogenated silane compounds, and mixtures thereof. The silicon-bearing gas may also include a 

15 diluent gas. 

Favorable results are obtained when the vessel 101 and fluidizing jet 117 are sized 
and shaped so that particles at the bottom of the chamber 103 are oriented in the position of 
maximum drag. This can be accomplished using one or more of the following steps: classifying 
particles inside the vessel such that the largest beads move to the bottom of the vessel, entraining 
2 0 the particles in the fluidizing jet, mdntaining inlet and outlet flow rates and the jet velocity 
sufficient to promote formation of a particle bed of sufficient height to maintain an elevated 
reactor back pressure in the inlet zone, regulating the outlet flow control rate to maintain an 
elevated reactor back pressure in the inlet zone, regulating the velocity of fluids entering the 
vessel, and providing a vessel having a wall profile adapted to allow operation at a particle 

2 5 Reynolds number of 5.5 to 200 at the bottom of the vessel. 

The kinetic power of the gas at the inlet 104 can be varied by changing the mass 
flow, composition, temperature, or pressure of the gas or the diameter of the tube 130. The inlet 
kinetic power of the gas is substantially related to the production rate and size of particles 
generated by impact of the bead particles with each other in the jet 117. As the jet 1 17 enters the 

3 0 bed 102 inside the inlet zone 116, it entrains bed particles into the jet, causing grinding and 

attrition between the bed particles resulting in formation of small particles. The small particles, 
sometimes referred to a ground beads or seed particles, are on the order of 100 to 600 /im. 
Panicles of this size are sufficiently small that they serve as seed beads for additional silicon 
deposition. 

35 As these hot beads are entrained into the relatively cold incoming silicon-bearing 

gas, typically in the range of ambient temperature to 450**C. the silicon-bearing gas diffuses to 
the surface of the hot beads where it decomposes and hot hydrogen and some hot silicon vapor 
leave the surface and some silicon remains on the surface. This process makes the beads grow 
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colder and larger and depletes the silicon-bearing gas. As the silicon-bearing gas proceeds further 
up the spout or jet 117 it becomes progressively hotter until by the end of the spout almost all the 
silicon-bearing gas has been converted into silicon, which has either been deposited on the beads 
or formed into small amorphous silicon particles. These very small particles then go on up the 
5 bed in zones 116. 118, entering the bubbles 119 and void spaces of zone 118. At the top of the 
jet 1 17, most of the beads that have been entrained and cooled by the inlet silicon-bearing gas 
leave the jet 1 17 and go back down in the emulsion in zone 116 between the sides of the jet 1 17 
and the wall 111. Some of these beads leave through an outlet 107 at the bottom of the reactor 
101. The outlet 107 connects to either an annulus 133 that surroimds the jet 117 and connects to 

10 a bead withdrawal mbe 114 as shown in FIG. 6 or to a decoupled withdrawal tube 114 as shown 
in FIG. 7. The exiting beads proceed down through the bead withdrawal tube 114, traverse the 
degasser and bead divener shown in FIG. 8. and are collected in a convenient container 246 or 
253 that will normally be maintained in an enclosed condition such that no contamination of the 
beads from ambient air is possible. 

15 In the chamber 103, amorphous silicon powder particles form directly from decom- 

position of silane in the gas phase and haye particle diameters on the order of 60 to 1200 nm. It 
is helpful for the mlet zone 116 and fluidizing jet 117 to be sized and shaped to circulate a 
fraction of any fine silicon particles formed in the inlet zone 116 into the fluidizing jet 117 so that 
the fine particles are increased in average size by heterogeneous silicon deposition and so that 

20 homogeneous nucleatlon is suppressed. 

In the advantageous embodiment of jet heating, energy can be supplied to the jet 
area 1 17 of the chamber 103 in a manner that does not require all of the heat transmission to 
come through the reactor wall 111. In particular, heat energy can be supplied to the jet by a 
beam of high intensity light 141 and/or a chemical reaction involving an oxidizing gas 143. This 

2 5 energy supplies most or all of the process heat and replaces some of the heat lost from the bottom 

of the reactor, thus preventing the net cooling of the beads that would otherwise occur in the jet 
117. Such cooling of the beads in the center of the reactor is sometimes described as a depressed 
temperature profile across the inlet zone 116 of the reactor. 

The high intensity light 141, which is supplied by a radiant energy source (not 

3 0 shown), is focused so that it passes up the gas inlet tube 130 without significant loss through the 

sides 135 and is of a suitable frequency distribution such that energy absorbed by silicon-bearing 
gas 113 inside the chamber is insufficient to cause decomposition of that gas and such that any 
residual energy is absorbed by the silicon beads. A variety of focusing techniques for either 
coherent or noncoherent light can be employed here such as lenses, mirrors, and optical fibers 
3 5 both inside and outside the reactor. Similarly, the desired frequency distribution can be obtained 
from coherent or noncoherent sources and can be tailored to avoid the known absorption bands of 
the silicon-bearing gas. 
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The inner gas delivery or inlet tube 130 is defined by the interior surface of tube 
wall 131. Tube 132 concentrically surrounds tube 130. An oxidizing reactant gas 143, supplied 
from a source of a halogen-containing gas (not shown), passes through an annular space 145 
defined between walls of tube 131 and tube 132. The reactant 143 then passes from the annular 
5 space 145, through an aimular gas inlet 106, and into the inlet zone 116 at a location adjacent to 
the fluidizing gas inlet 104. Once inside the inlet zone 116, the reactant gas 143 mixes and reacts 
exothermally with a fraction of the silicon-containing species, such as the silicon beads, silicon 
dust, and silicon-bearing gas 113 to provide energy which heats the beads in the inlet zone. This 
exothermic reaction acts as a heat source in the center of the reactor, thus flattening the tempera- 
10 ture profile. Because the reaction converts unreacted silicon-containing materials to halogenated 
species, it also inhibits the deposition of silicon on surfaces around the reactor inlet. The best 
oxidizing reactants 143 are those that produces a large amount of energy for a small amount of 
reactant and consumption of a small amount of silicon or silicon-bearing gas. Such an oxidizing 
reactant will best be an elemental halogen or hydrohalide which matches the rest of the system. 
15 Inlet gas stream 115 is a small stream of fluidizing gas, typically on the order of 

0,5% to 5% by volume of the total gas flow to the reactor. In the integrated heat exchange 
embodiment of FIG. 6, the gas stream 115 keeps beads agitated at the exit from the bed and in 
the outlet passageway or annulus 133, and is motive gas in the withdrawal tube 114. It also strips 
most of the silicon-bearing gas that has been entrained with the beads as they leave the reactor. 
20 The inlet passageway 130 and the outlet passageway 133 are in thermal 

communication. Thus, as beads proceed through the outlet 107 and down the amrnlar space or 
withdrawal passageway 133 which surrounds the inlet gas tube 131 shown in FIG, 3 or FIG. 6, 
heat transfers from the beads to the gases 113, 115, 143 which are moving toward the inlets 104, 
107, 106. This serves to warm the inlet gases. But, the rate of heat transfer at any one location 
25 is regulated to be sufficiently small that the temperature of the interior surface of the silicon- 
bearing gas inlet tube 130 remains below the temperature at which substantial deposition of 
silicon would occur on the tube wall 131. 

However, with reference to the embodiment of FIGS. 2-6, it is advantageous to 
provide a thin silicon film on the opposed surfaces of the quartz walls 134, 135 to prevent 
3 0 ^ attrition by the silicon beads and the consequent contamination of the silicon. (In the embodiment 
of FIG. 7 a layer of silicon is provided on the inner surface of the bead withdrawal tube 1 14.) 
The silicon film is deposited by thermal decomposition of a silicon-containing compound in the 
gas 1 15 which flows through the passageway 133 countercurrent to beads exiting through the 
passageway 133. Uncontrolled silicon deposition would cause pluggage over lime. So, for 
3 5 desirable operation of the reactor, there needs to be a balance between silicon deposition on walls 
of tubes 134 and 135 and attrition by beads, Thxis, the flow and composition of gas 115 is 
chosen such that a balance is maintained between deposition and erosion of a silicon wall deposit 
on the wall of the downward tube 114 or on the walls of inner gas delivery tube 134 and outer 
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gas delivery tube 135 which define the annulus 133. The gas 1 15 may also contain as etchant as 
needed to increase the rate of silicon removal. By so maintaining an equilibrimn between 
erosion/etching and silicon deposition, the thickness of the silicon layer is maintained in a 
predetermined range. The flowing of silicon-containing gas and/or etchant in the gas 115 can 
5 occur concurrently with the removal of beads through the passageway 133 or during interruptions 
in the removing, as best suits the operation of the reactor. 

The heat transfer rate from the outside annulus 133 to the inner passageway 130 can 
be controlled in various ways. These ways include adjusting the amount of fluidization provided 
to the exiting beads, selection of the wall thickness of the center tube 131, and providing various 
10 heat transfer barriers as shown in FIG. 3. Such a series of barriers can be formed by 

constructing an inlet tube assembly to have several concentric mbes, such as mbes 132, 134, with 
g^s therebetween which serve to reduce heat transfer across the gap or gaps between the layers. 
These heat transfer regulation techniques are useful with the integral heat exchanger system of 
FIG. 6, but are not necessary in the decoupled system of FIG. 7. 
15 The embodiment shown in FIG. 7 has the heat transfer between the inlet gas 113 

and the exiting beads decoupled. It also shows that the gas inlet tube 135 and bead withdrawal 
tube 114 may be tapered. In this embodiment the inlet gas 113 must be heated entirely to the 
reactor inlet ten^erature by utility La the preheater upstream of the reactor. The other inlet gases 
115, 143 may also be preheated in either the integral heat exchange embodiment of FIG. 6 or the 
20 decoupled heat exchange embodiment of FIG. 7. The beads must then be cooled by utility in the 
bead withdrawal tube 114 to a safe operating temperature since they no longer heat the inlet 
gases. The inlet silicon-bearing gas 113 may be heated by any heat source as long as neither the 
wall temperature nor the bulk temperature exceeds the decomposition temperature of the silicon- 
bearing gas. 

25 Stream 1 15 is retained as^ small gas purge in 

FIG. 7 to purge the gap 133 for the insert, rather than purging the beads as in FIG. 6. This gap 
133 serves several purposes: it is a thermal break between the reactor and gas injector, and it is 
an expansion gap if different materials of construction are used for the reactor and injector. The 
purge gas 1 15 may also be a diluent or a halogen-containing gas. 

3 0 The bead withdrawal tube 1 14 can be tapered at the top as shown in FIG. 7 to 

allow for some further segregation of the beads by fluidizing gas that flows coimtercurrent to the 
beads. In the integral heat exchange embodiment of FIG. 6, tube 135 would be tapered. This 
gas is injected in the bead removal process shown in FIG. 8 and can be injected as stream 201 or 
stream 202, This stream is preferably hydrogen. In this embodiment, the annulus shown in FIG. 

3 5 8 is replaced by the simple withdrawal tube shown in FIG, 7. The beads are cooled in a heat 
exchanger 138 that can use gas or liquid for cooling purposes. 

The gas inlet passageway 130 may also be tapered, if desired. The advantages of 
tapering are reduced pressure drop and improved transmission of light energy into the reactor. 
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Use of a tapered injector allows the window 142 to be larger than the light beam 141, which 
reduces scattering from edge effects of the window. 

When gas is being injected, the contents of the inlet zone 116 are best characterized 
as a submerged spouted bed. As the gas leaves the top of the jet 117 it also leaves the inlet zone 
5 116 of the reactor. The gas then enters an upper zone which comprises the tapered zone 118 and 
the reservoir zone 120 of the illustrated embodiments and which is above the inlet zone 116. The 
contents of the upper zone 118, 120 are best characterized as a bubbling fluidized bed when the 
gas is being injected. 

FIG. 2 shows a configuration which includes a tapered zone 118 immediately above 

10 the inlet zone 116. The illustrated tapered zone 118 has a single taper angle, although more than 
one angle of taper may be used up to having an angle of taper that varies continuously as a 
function of elevation. Above the tapered zone is a substantially cylindrical bead reservoir zone 
120. It should be understood that the upper zone 118, 120 could consist of a single cylindrical 
section; such a reactor would be effective in depositing silicon, but would not segregate the 

1 5 particles as well as a reactor wherein at least a portion of the upper zone was a tapered. Use of 
the tapered section, such as the tapered zone 118, will result in a product having a narrower 
particle size distribution. It is also possible to use an upper zone 118, 120 that is tapered along 
its entire elevation; but to avoid reactors having unduly large maximum diameters, it is best that 
at least a portion of the upper zone be substantially cylindrical, as shown in the reservoir zone 

20 120 of FIG. 2. 

The bubbles 1 19 entering the tapered zone 118 contain a substantial fraction of the 
seed particles generated in the inlet jet 117 and a large Action of the amorphous silicon particles. 
As these bubbles move into the tapered zone 118, the fine amorphous silicon particles tend to be 
trapped by the larger beads as they proceed from bubble 119 to bubble 119 through the inter- 

2 5 bubble emulsion 121. It is thus beneficial to have substantial space between the bubbles and to 

maintain the temperature so that the bed of beads in the upper zone 118, 120 acts as a granular 
filtration device for filtration of the fine amorphous silicon particles. 

The larger seed particles can also be trapped by the bed particles, but usually will 
tend to bounce off the large panicles, providing sufficient agitation is available to the particles in 

3 0 that area. Agitation and movement of the bed particles are in any case required to provide 

protection against substantial agglomeration of the particles in any dead zones that may occur in 
the bed. 

As the bubbles 119 proceed up the tapered section 118 they provide agitation to the 
beads. This agitatioi facilitates the classification of the beads by size such that the larger beads 
3 5 tend to move down to the bottom of the tapered section of the vessel as the smaller beads tend to 
move upward in the tapered section. The bubble sizes in this region are best maintained smaller 
than the reactor diameter by control of the reactor tube dimensions. As the tapered section 
becomes closer to the cylindrical section, the taper may be changed and the bubbles allowed to 
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grow larger, even as large as the diameter of the bed 121 or chamber 103, which are the same 
diameter. The choice of velocities and bubble sizes is a compromise between effectiveness in 
terms of filtration of the fine amorphous silicon particles and of providing sufficient agitation to 
prevent the agglomeration of the bed particles. 

5 Once a bubble 1 19 becomes as wide as the chamber 103, the bed 102 enters into a 

slugging mode at which point sections of the bed 102 are lifted intact and gas breaks through to 
continue further on up the bed 102. This leads to bypassing of the filtration mechanism and to a 
drop in overall filtration efficiency and is normally to be avoided, particularly in the tapered zone 
118 where efficient filtration is more important. At the transition between the tapered zone 118 
10 and the bead reservoir zone 120. which also contains a bed that serves as a granular filtration 

device, it is desirable to change the reactor shape so that it is now substantially cylindrical. This 
change in shape will also change the mode of fluidization so that instead of segregation of the 
particles, the bed 102 of particles is well mixed. The benefits of this change are threefold: lower 
capital cost, particle size control, and maintenance of a silicon wall deposit. 

15 While the reactor wall 1 1 1 will be made of a high purity material it will still tend to 

contaminate the product, thus it is desirable to maintain a silicon wall deposit all the way up the 
reactor. A slip agent can be used to prevent breakage of the reactor due to differences in thermal 
expansion between the wall and the wall deposit, particularly when cooling down the reactor. A 
slip agent is a relatively nonsticky layer or coating, deposited on the inside surface of the wall 

20 1 1 1 of the reactor prior to introduction of the silicon-bearing gas, to prevent the binding of the 
ensuing silicon wall deposit to the wall material. The slip agent must adhere but not bind firmly 
to the reactor wall nor to itself. It may adhere or bind to the wall deposit, since the silicon is 
very sticky. The slip agent layer must have lower shear strength than the reactor wall so that it 
will break before the wall 111 when stress is applied as the temperature changes, assuming that 

25 the coefficients of thermal expansion are different for the reactor wall and the silicon wall 
deposit. This can be done by keeping the slip agent in powder form by avoiding sintering. 

These characteristics may be met by any finely divided powder or dust that has a 
Tammaim temperamre greater than the bed operating temperature. Best results are achieved with 
a powder that has a melting point in Kelvin that is more than twice the temperature, also in 

3 0 Kelvin, of the deposited layer of silicon during operation of the reactor system. Silica is the best 
material because of purity and convenience. A fmely divided silica layer can be deposited by 
oxidizing or hydrolyzing a silicon-bearing gas inside the heated reactor prior to start-up. In the 
present invention it is most convenient that the center tube be used to introduce the silicon-bearing 
gas and the annulus be used for the oxygen-containing gas. The use of a diluent for both gases is 

35 advantageous in obtaining an even thin coat, that is, the silicon-bearing gas and the oxygen- 
containing gas concentrations can vary between 0% and 100%. A minimum coating thickness of 
0.1 ^m is required, but thicker deposits are acceptable with best results in the range of 1 to 5 
fiva. It is important that there be multiple layers of particles in this coating layer to be effective 
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as a slip agent, hence the requirement that the particles be an order of magnitude smaller in 
diameter than the thickness of the slip agent layer. 

To further protect the reactor, silicon deposited on the vessel wall should be at least 
partially removed prior to allowing the wall of the vessel to cool by more than 100°C. This can 
5 be accomplished by etching at or near the operating temperature using a halogen-containing 
gaseous etchant. 

It is recognized that control of the particle size distribution is a difficult problem 
that must be addressed in design and operation of the reactor and that both coarse and fine control 
may be needed. Coarse control of the new seed panicle production can be achieved by selection 
10 of the diameter and design of the inlet orifice 104 defmed by mbe 130 and by variation of the 
mass flow and density of the inlet gas 1 13. Fine control of the amoimt of grinding can be 
provided by adjusting the flow through one or more supplemental inlets 125 which produce 
supplemental jets, such as jet 105. The kinetic power can be adjusted by changing the inlet 
orifice diameter, fluid composition, mass flow, pressure, and/or temperature. The supplemental 
15 jets, which increase the frequency of bead impacts and promote additional grinding, are best 

located above the inlet zone 116. Most advantageously, such jets are located in the well-mixed 
zone bead reservoir 120. The gas injected through supplemental inlet 125 would normally be a 
non-silicon-bearing gas such as hydrogen, but it is possible that additional silicon-bearing gas 
could be injected at this location, providing sufficient additional reactor height was provided 
20 above the location to fiilly utilize the silicon-bearing gas. 

As gas exits from the top of the bed in zone 120, it will carry with it particles from 
the bed. In the apparatus of the present invention, there is little carry-over of silicon out of the 
reactor such that cyclones internal to the reactor, which may be seen in other fluidized beds, are 
not required. An external cyclone or knockout pot (not shown, but just downstream of the 
25 illustrated gas outlet tube 124) may be desirable, however, to contain bed upsets or "burps" that 
can occur, especially at startup. 

There is a small amount of fine amorphous silicon powder that will not be trapped 
in the bed and will proceed upward through the gas outlet tube 124 and into downstream piping. 
An additional inlet 123 can be provided in the piping 124 or at the top of the reactor vessel 101 
3 0 .for etchant gas. The etchant gas is used to inhibit the deposition of silicon or silicon haiide 
polymers in the downstream systems of the reactor without filters. The etchant gas digests 
amorphous silicon particles that come out of the bed and reacts with any unreacted silicon-bearing 
gas to produce gaseous halogenated species. The inlet for the etchant gas 123 is normally located 
above the disengaging zone 122, as characterized by the transport disengagement height (TDH). 
3 5 such that the gas will not contact particles that could return to the bed, potentially conducting 
contaminants from the etchant gas to the bed. 

For convenience in most facilities, gas leaving the reactor via top port 124 will be 
recycled to another portion of the plant where the silicon-bearing gas is generated and purified. 
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Hwas, it will be advantageous to use an etching gas 123 at the top of the reactor that is compatible 
with the rest of the silicon-bearing gas generating process. 

The transition from the tapered zone 118 to the inlet zone 116 is designed to avoid 
a known dead zone. This dead zone occurs at the transition point between the top of the jet 1 17 
5 and the bubble 1 19 that is forming on the top of the jet. An inlet zone 1 16 that has a 

substantially elliptical shape, as shown in FIGS. 2, 6, and 7, provides a low surface area to 
volume ratio. This shape is believed to be advantageous, although it is possible to operate with 
other shapes without critically changing the circulation of the beads or the effectiveness of the 
inlet zone 116, since its shape is based primarily on the operation of the inlet jet 117. 

10 In the system of FIG. 2, detailed in FIG. 6, there is some preferential removal of 

beads that are close to the wall 111 via the annular removal passageway 133. This is generally to 
be desired because such beads have a less active sxuface and therefore have less hydrogen on the 
surface at the lime of their removal from the reactor. A similar situation exists in the decoupled 
embodiment detailed in FIG. 7. 

15 The amount of hydrogen or chlorine adsorbed on the surface of the beads decreases 

as the temperature increases; therefore, it is desirable to prevent a drop in temperature of the 
beads in contact with silicon-bearing gas. In FIG. 6 and FIG. 7» two devices are shown for 
preventing this drop in temperature that would otherwise be caused by the incoming silicon- 
bearing gas 113. A beam of light 141 is projected through an inlet window and/or lens 142, up 

20 the inlet tube 130, and into the reactor, passing through the silicon-bearing gas 113, and heating 
up the beads entrained in and surrounding the inlet jet 117. A halogen-containing gas stream 
143, preferably an elemental halogen such as chlorine, is injected into an annular gas space 
between mbes 132, 134. The halogen-containing gas stream 143 surrounds the silicon-bearing 
gas stream 113 so that the gases mix and react at the injector tip 104, 106 inside the reactor inlet 

25 zone 116. The heat of reaction of the halogen with the silicon beads and/or the silicon-bearing 
gas heats the beads. 

FIG. 8 shows the details of the bead removal process and apparatus whereby beads 
are transfered continuously from the reactor to one of at least two containers. At the left-hand 
side, a gas stream 201 (which corresponds to stream 1 15 of FIG. 6) passes through a tube 220 

3 0 and enters the bottom of a reactor annulus (133 in FIG. 6) defmed between a gas inlet tube 218 
(131 in FIG. 6) and a bead withdrawal or outlet mbe 219 (135 in FIG. 6) to fluidize and strip 
residual silicon-bearing gas from beads in the annulus 133. This gas may be hydrogen or any 
other reactor-compatible, non-siiicon-bearing gas. The gas passes up through a frit 221 and into 
the annulus. Beads proceed down the annulus to the base of the bead withdrawal mbe 219 then 

3 5 continue down a first angled transfer tube 222 by gravity, preferably in an tmfluidized condition. 

At the base of the tube 222, the beads fall into a small cup 223 which holds a small bed of beads. 
Since the falling beads land on the bed, equipment is protected from abrasion and the beads from 
contamination. 
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A first stage degassing gas 202 is delivered via a tube 225 to another frit 224. The 
gas 202 passes through the frit 224 and pushes the beads up transfer tube 226. The beads again 
fall by gravity down the second angled transfer tube 230 to the second stage of the degasser. At 
the base of the tube 230, the beads fall into a small cup 231 which holds a small bed of beads. A 
5 second stage degassing stream 204 is delivered via a tube 233 to frit 232. The gas 204 passes 
through the frit 232 and pushes beads up transfer tube 235 into a degassing column 239. The 
beads come down the degassing column 239 where they are stripped of any residual gases, then 
fall into small cup 254 which holds a small bed of beads. 

Opening into the bottom of the degassing column 239, just above the cup 254, are 
10 two receiving ports that are openings into passageways defined by tubes 240, 247. An inert gas 
flows into die colunm 239, via at least one of the ports, to remove gas used to transport beads to 
the column 239. Depending on the gas flows, the beads will then either go through tube 240 or 
through tube 247. When the gas flow through tube 241, i.e., stream 206, is large enough 
compared to the gas flows on the other side 210. the beads will go down tube 247 through valves 
15 249 and 251 into scalable container 253. Conversely, when the gas flow through tube 248, i.e., 
stream 210, is large enough compared to the gas flows on the other side 206, the beads will go 
down tube 240 through valve 242 and valve 244 into scalable container 246, 

In operation, the streams 202 and 204 are normally pulsed to provide a wide range 
of control over the bead flow rate coming out of the reactor. The length, frequency, and 

2 0 magnimde of the pulse can be controlled to determine the flow rate of the beads. 

In an advantageous operation, stream 201 and stream 202 would both be hydrogen 
such that only hydrogen goes into the reactor. The benefit of this is in recycle of the effluent 
hydrogen from the top of the reactor. If recycle is not desired, then stream 202 could be an inert 
gas such as argon that will be used for the ultimate packaging. Stream 204 and the other 
25 streams. 206, 207. 208. 209, 210. 211, 212. and 213 will all be an inert gas such as argon or 
nitrogen that will be used for the ultimate packaging of the beads. The puipose of this gas is to 
remove residual hydrogen and insure that the atmosphere in the bead packaging 246 or 253 is 
safe. Degassing vents 229. 238 are provided over gas disengaging zones 227, 236 where gas is 
separated from passmg beads. Frits 228, 237 are provided between the gas disengaging zones 

3 0 227, 236 and the vents 229, 238 to prevent bead carry-over in the event of upsets. Streams 203 

and 205 will both be vented to the downstream scrubber or vent (not shown). 

In a valving system used to iisolate the transfer vessels 246, 253, two purged valves 
are used for each transfer vessel. On the left side, these are valves 242, 244; there is a flange 
243 between these two valves to facilitate removal of the transfer vessel. Both valves are purged 
35 as shown in FIG. 9. which illustrates a purged gas shutoff valve. Similar valves 249, 251 and a 
flange 250 are provided oh the right side. None of the valves 242, 244, 249, 251 is gas tight; 
they are designed to deliberately allow the passage of gas through them. During bead collection, 
the valves are open to bead flow with a small flow of purge gas 207, 208, 211, and 212, 
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respectively to insure that beads and fragments do not block the gap between the valve plug 305 
and the valve body 306 inside the valve. 

Beads that pass through the valves 242, 244, 249, 251, are delivered to the scalable 
vessels 246. 253 via tubes 245, 252. While a vessel is being filled with beads, it is helpful to 
5 vent the vessel via a vent valve (not shown). When the filling of a vessel 246 or 253 is nearly 
complete and it is time to make a transfer, the beads are diverted from the vessel that is being 
filled to the other vessel by switchmg the gas flows. For example, if vessel 246 is being filled, 
gas flow 210 would be higher than gas flow 206, thus the beads would be flowing mto vessel 
246. Then when it is time to change vessels, flow 206 would be increased and flow 210 would 

10 be decreased, thus the bead flow switches to vessel 253. More specifically, the change would be 
made by venting the empty container 253, increasing gas flow into the column 239 via the 
receiving port connected to the full container 246, reducing gas flow into the column 239 via the 
receiving port connected to the empty container 253, and closing die valves 242, 244 to isolate 
the full container 246. Preparation for the next transfer is then accomplished by purging the full 

15 container 246 with inert low-oxygen-content gas, disconnecting the full container 246 from the 
port by disconnecting the flange 243, scaling the full container 246, connecting another empty 
container to the port from which the full container 246 was removed by attaching the new 
container at the flange 243, and opening the valve 242 and the valve 244 on the newly connected 
container. It is also feasible to pull gas down through the vessels using the two way streams 209 

2 0 and 213, effectively usmg stream 213 as a vent instead of a purge. This can be done by suitable 

valving. 

When it is required to transfer the vessels, first the bead flow is diverted as 
discussed above, and any residual beads are allowed to fall down into the vessel 246 or 253. To 
remove transfer vessel 246, the purges to the respective valves 242 and 244 may be increased to 
25 blow out any residual beads and the valves are closed to provide a flow, restriction to the gas 

flows. Again, the valves are not designed to be gas tight, but to restrict the flow of gas so that 
the disconneaion can be made without disrupting the flows inside the system, yet constantly 
purging out to avoid contamination from the surrounding air. The flange 243 is then 
disconnected, at which time the purge gas will flow in stream 207 down through valve 242 and 

3 0 out through the disconnected flange 243, at the same time maintaining the system pressure. 

Similarly, gas will flow in stream 208 through valve 244 and up through the discoimected flange 
243. This will insure positive purging of this area during disconnection. 

The transfer vessel is moved from its location and a cap or blank flange of some 
kind can be placed to close off the vessel side of flange 243 for shipment. This will then provide 
35 the required gas tight connection on the container. Similarly, purge gas connections that provide 
streams 208 and 209 can also be valved and capped. The standing flange 243 can either be 
capped or another vessel attached and purged, ready to receive product beads. 



wo 96/41036 



-39- 



PCT/US96/09690 



The setup for other transfer vessels is essentially the same. Although the minimum 
of two legs and two vessels is shown in FIG. 8, the system is not restricted to just two legs; it 
may have as many legs as is desired. It may be best to also have a third sample leg or to set up 
a multiple system of four, five, six, or any reasonable niunber legs. This can be simply done by 
5 arranging legs, of which 240 and 247 are typical. 

The angles shown, A and B, are variable. Angle A should insure gravitational flow 
of the beads in legs 222 and 230 and angle B should allow the beads to be blown up legs 226 and 
235 usmg the gas pulses 202 and 204, respectively. Angle A will best be from about 30*^ to 60° 
as will angle B, but both angles do not necessarily have to be equal in an optimal system. 
10 Similarly, in the bead di verier system the angle C shown may be between -45** and 90** but is 

normally between -30° and 30"*. This is primarily for convenience in transportation and avoiding 
erosion in the tube and to prevent flow of beads to the wrong vessels. 

FIG. 9 shows the details of a purged shutoff valve suitable for the valves 242, 244, 
249, 251 shown in FIG. 8. Beads go down through tube 301, designed to be smaller than the 
15 opening to the valve. There is a clearance in the bottom of tube 302 between it and a valve plug 
305. The beads then fall through the valve plug 305 and into an outlet tube 309, which is 
preferably wider than the inlet tube, and flow out stream 310 through the system and into a 
receiving vessel. 

There are several purges provided in this valve. First, there is an upper purge 304 
2 0 in the annular space between tubes 302 and 303. This gas flows down around the bead stream 
301 and blows across the gap between the bottom of tube 302 and the valve plug 305. The 
purpose of this stream is to encourage any beads or bead fragments to go down through the valve 
as opposed to being trapped between the valve plug 305 and the valve body 306. Similarly, holes 
can be provided in the outer portion of the valve plug 305 such that gas coming in through center 

2 5 hole 307 may be distributed through ^e valve plug 305 and exit holes such as hole 308 so as to 

purge the gap between the valve plug 305 and the valve body 306. This gap is essential for 
purging of the valve to prevent scraping of the valve body by beads or bead fragments. 

Holes can also be provided in the inner portion of the valve to encourage the beads 
to stay away from the wall of the valve plug 305 and the valve exit tube 309, designed to 

3 0. decrease contamination from contacting of the beads with the valve. Angle A also is designed to 

keep the beads away from the valve plug 305 without opening the gap between the valve plug 305 
and the valve body 306. It should be noted that much of this structure can be manufactured from 
high purity silicon-containing materials such as silicon or vitreous silica (quartz), and different 
materials may be used in different locations depending on abrasion and purity issues. For 
3 5 example, in very high abrasion areas it would be desired to ust a very high purity material such 
as high purity quartz, synthetic quartz, or poly crystalline silicon so that the contaminants 
introduced will be compatible with the product. The clearances available in the system allow the 
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use of dissimilar materials with different coefficients of thermal expansion without seizing of the 
materials when handling warm beads. 

FIG. 10 shows a method of using machine vision to provide on-line panicle 
analysis, which is crucial for efficient operation of the fluid bed reactor. On-line particle analysis 
5 provides immediate feedback from measurements of particles coming out of the reactor. Such 
information is crucial for control of the reactor. Beads which leave a reactor via the bead 
removal tube 114 are passed to apparams which causes the beads to move along a 
noncontaminating, planar surface. First the beads are allowed to fall through a noncontaminating 
mbe 401 into a small pocket 402 where the beads will then only impact upon themselves. Then, 
1 0 beads which overflow the pocket 402 move down a sloping section 407 of the noncontaminating, 
planar surface. The surface is sufficiently wide that the beads spread out in a monolayer 403, 
flow across the sloping section 407, and exit as stream 404 into the collection system. Angle A 
is between 0** and 60° to maintain smooth flow of beads in a monolayer 403 over the sloped 
surface 407. A machine vision system 406 is aimed through a window 405 to detect bead 
15 properties. The machine vision system 406 acts as a sensing mechanism that counts and measures 
the dimensions of the beads, calculates the particle size distribution, and signals the data as 
required. Machine vision systems also exist where the beads can be measured in the dense phase, 
that is, filling a clear vertical tube. 

A system having a similar configuration, shown in FIG. 11, can be utilized for 
20 improving the surface charaaeristics of the beads. In this system, the beads are heated by 

exposure to high intensity light. The beads fall through noncontaminating tube 501 into a pocket 
502 and are spread out into a monolayer 503 on a sloping noncontaminating surface 507 and exit 
as stream 504 into the collection system. Angle A is between 0** and 60° to maintain smooth 
flow of beads in a monolayer 503 over the sloped surface 507. The window 505, provided above 
25 the monolayer 503, can be made of quartz or any other high purity material that is transparent to 
the frequency of light to be used. Light 508 is directed through the window 505 from a suitable 
coherent or noncoherent high intensity light source 506 to improve the surface characteristics of 
the beads. It is also possible to introduce with the beads in mbe 501 a gas selected to improve 
surface mobility or in other ways enhance the surface of the silicon particles. Such gases may be 
3 0 halogenated materials of various kinds. The choice of a laser or other high intensity light source 
506 will be dependent on the result wanted. For example, if it is desired to rapidly heat only the 
surface of the beads, a relatively short wave length light will be used so that the penetration of 
light into the beads is limited and the amoimt of heat that is supplied can be reduced to that 
sufficient only to heat up the surface of the beads. In a particularly advantageous embodiment, 
3 5 the light is of the appropriate frequency and sufficient intensity to scan and flash heat the surface 
of the beads to a temperature of 800^ C to ISOO^C in a gas atmosphere selected to promote 
surface mobility and a smooth bead morphology. 
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FIG. 12 illustrates the removal of oxygenated compounds, such as oxygen, water, 
carbon monoxide, and carbon dioxide, from a stream 601 of a halogen-containing or diluent gas 
which is to be injected into a reactor. The diluent gas may be hydrogen, nitrogen, argon, or the 
like. Stream 602 is a silicon-bearing gas such as silane. trichlorosilane. etc. A mixer 604 
5 contains a mixing element 603 such that the halogen-containing or diluent gas and the silicon- 
bearing gas are intimately mixed. It is also possible to apply some degree of heat in this area, if 
needed. The silicon-bearing gas will react with the oxygen-containing compounds contaminating 
the other gas to form solid particles. The mixture 605 of gases and particles then goes through a 
fine mesh filter 607 and the purified halogen-containing or diluent gas and residual silicon-bearing 

10 gas 608 proceed into a reactor system, for example via the tube 115. Stream 606 shows removal 
of solid particles, in particular silicon oxide materials, typically done in batch mode for a filter. 

FIG. 13 shows the variation of the reactor diameter and particle size with height for 
1,5 nam particles exiting the reactor. At the very bottom of the reactor there is a wide section of 
the reactor that is approximately 26 cm in diameter at which point the average particle size is just 

15 under .14 cm or 1.4 mm. Material leaving the reactor is slightly larger than the average particle 
size in the bottom of the reactor. The reactor then narrows down to approximately 13 cm at 
which point the average particle size is about 1.21 nun. Reactor diameter is then increased in 
two steps, first to about 16 cm and finally up to 18 cm. In this tapered section segregation of the 
particle by size takes place. The drop in particle size with increased height from the inlet is 

2 0 shown going from 1.21 mm to approximately 0.9 mm. At the top of the reactor after the tapered 
section the reactor remains straight and the average particle size is unchanged. This demonstrates 
the three zones of the reactor: in the bottom of the reactor the particle diameter increases 
dramatically because of deposition where the reactor is well mixed, in the tapered section the 
particle size decreases going up the reactor, and at the top of the reactor the bed is well mixed 

2 5 and the particle diameter remains the .same. 

FIG. 14 illustrates the results of particle size distribution measurement from a 
reactor showing the distribution in particle sizes at different heights. The key ratios are 10%, 
50%, and 90% as they show the particle size distribution and the average particle diameter. 
Thus, at 1 ft. from the bottom, the average particle size is 1400 microns with a range of 935- 

3 0. 1700 microns (10%-90%). At the 10 ft. height, the average size is 600 microns and the range is 

330-1120 microns (10%-90%). This demonstrates the features of the reactor where larger 
particles exit from the bottom of the reactor and those particle sizes have a narrow size 
distribution. The tapered section produces a narrow particle size distribution and an increase in 
particle size toward the bottom of the taper. At the top of the reactor there is a wide range of 
35 particle sizes in a well-mixed bed such that all particle sizes can grow simultaneously. When they 
reach a size that is appropriate for them to leave the straight section they proceed down the 
tapered section and finally out of the reactor. 
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Example 

The following example describes the use of the reactor of FIGS. 2-7 to harvest 
elemental silicon. A reactor 101 was constructed of quartz tubing. The reactor included inlet, 
tapered, reservoir, and disengaging zones having dimensions as follows: the inlet zone 116 was 
5 approxiimtely elliptical with a diameter of 25 cm and length of 40 cm. A first section of the 

tapered zone 118 started at 17 cm diameter and ended at 23 cm diameter and was 50 cm long. A 
second section of the tapered zone started at 23 cm diameter and ended at 25 cm diameter and 
was 80 cm long. A reservoir zone, having a diameter of 25 cm, extended 350 cm from the top 
of the tapered zone to the top of the bed. And, a 25 cm diameter disengaging zone extended an 

10 additional 260 cm from the top of the reservoir zone to the top of the reactor, A 30 cm long 

outlet tube 124 was provided at the top of the reactor with a 25 mm inside diameter (ID). A gas 
inlet tube 135 at the bottom of the reactor was 30 cm long. Inside the tube 135 an insert 131 was 
located and was flanged to the bottom of the main reactor. The insert 131 was manufactured 
from quartz and had dimensions as follows: 50 mm ID at the bottom, 12 mm ID at die top, and 

1 5 wall thickness of 2.5 mm. At the bottom of the insert 131 was a connection with a 7 mm ID 
delivery lube for inlet gas 1 13. An exit 107 for the particles had a 12 mm ID. The combined 
height of the overall reactor was 840 cm. 

To begin operation, silicon was introduced through the top port 144 from a silicon 
bead vessel (not shown) that had been connected to the top port 144 as a temporary measure. 

2 0 Using this temporary bead addition vessel, the reactor could be fed with beads. Several charges 
of beads were needed. The initial charge was for the lower inlet zone 116 where an average 
particle size of approximately 1 .4 mm was desired. The second charge was for the initial tapered 
zone where an average of particle diameter of 1 .25 mm was charged and then for the second 
tapered zone an average particle diameter of 1.14 mm was charged. The top section had an 

2 5 average particle diameter of 0.97 mm. - The resistivity of the silicon seed particles was 

determined to be greater than 200 ohm-cm and the fluidizing and source gas consisted of 100% 
silane except for start up where inert gases and hydrogen were used as initial start up gases. 
The reactor was purged with inert gases, and an initial charge of silicon particles was introduced, 
as noted previously, to fill the inlet zone 116. Then subsequent charges were added until the 

3 0 reactor was fiiU of beads. Concurrent with the addition of beads was the establishment of heat up 

using the wall heaters and the preheater to start wanning up the inlet gas 1 13 to provide better 
fluidization quality as the additional beads were added. 

The hydrogen flow was initiated at 200 standard liters per minute (SLM) utilizing 
both the passageway 130 through the injector 131 and the bead withdrawal annulus 133 
3 5 surrounding it. Power to the reactor was started at 10 kW and then increased to 30 kW as the 
bed height was raised to 580 cm above the inlet by the addition of bed particles. This flow rate 
of hydrogen was reduced as the desired operating temperature of 850 "C was obtained and the 
power was reduced and set to control the temperature profile of the wall by the individual zones. 
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Then the high intensity light source was turned on and light was sent up the gas injector into the 
jet area and the wall temperature set point was reduced for the inlet zone 116. Next. 2 SLM of 
chlorine was initiated through tube 143 and cooling water circulation was established through 
tubes 136 and 137 to and from the bead cooler 138, Siiane, the silicon-bearing gas. was then 
5 introduced into the bottom of the reactor and the bead withdrawal was initiated by reducing the 
hydrogen flow in the annulus 133. Both siiane and hydrogen entered the base of the inlet zone 
116 at approximately 350''C after being heated by a separate siiane preheater (not shown). 

The flow rates were adjusted to maintain fluidization by reducing the amount of 
hydrogen progressively as the siiane content increased. After approximately one hour, the reactor 

10 was operating on 100% siiane, the feed rate was approximately 210 SLM siiane. There was a 
small hydrogen purge stream 115 of 2 SLM in annulus 133 to provide bead removal fluidizing 
gas. At the top of the reactor a carry-over of fine amorphous particles was substantially 
eliminated by the injection of 8 SLM of chlorine gas at ambient temperamre through inlet 123. 
The product was removed from the reactor at approximately 30 kg/hr and had an average 

15 diameter of 1.5 mm (1500 microns). In a typical run, 320 kg of silicon starter bed would be 
charged. The product rate would be 30 kg/hr and a typical run duration would be one to two 
weeks. The process of charging the bed introduced some contamination, but after substantial bed 
turnover, the harvested material was of quality useful for the production of semiconductor 
devices. 

2 0 The average power consumption was 1 1 kW in the reactor with some additional 

process heat provided by a siiane preheater before the reactor at approximately 2 kW/hr for an 
energy consumption of 0.5 kW/kg. Such energy consumption is significantly lower than the 40 
kWh/kg quoted for other microwave heated quartz fluid beds where active cooling of the 
distributor grid and walls is practiced. The energy efficiency of the power supplies varied from 

25 2% for the directed light to 50% for the wall heaters and the siiane preheater. Directed light 
provided 3 kW of process heat and the chlorine reaction provided 2 kW of process heat. The 
microwave heater provided 1 kW of process heat and 1 kW of heat losses in the inlet zone 116. 
Wall heaters provided 4 kW of heat loss compensation in the upper zones. The electrical input 
was thus 150 kW to the directed light, 4 kW to the microwaves, 8 kW for the wall heaters and 4 

30 kW for the siiane preheater for a total of 166 kW or 5.5 kW/kg. 

In view of the above, it is to be understood that the present invention includes all 
such modifications as may come within the scope and spirit of the following claims and 
equivalents thereof. 



35 
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WE CLAIM : 



1 . A heated silicon deposition reactor system comprising: 
a plurality silicon beads; and 

5 a vessel having a wall which deftnes a chamber that contains the beads and de^es 

a fluidizing inlet for the injection of a gas to fluidize the beads, the chamber having at least two 
zones including (a) an inlet zone that contains the fluidizing inlet and that is configured to contain 
beads in a submerged spouted bed when gas is being injected through the fluidizing inlet, and (b) 
an upper zone that communicates with and is located above the inlet zone to receive gas moving 
10 upwardly from the inlet zone and that is sized and shaped to contain beads in a bubbling fluidized 
bed. 

2. A heated silicon deposition reactor system comprising: 
a plurality silicon beads; and 

a vessel having a wall which defmes a chamber that contains the beads and defines 
15 a fluidizing inlet for the injection of a gas to fluidize the beads, the vessel and fluidizing inlet 

being sized and shaped to produce a gas velocity such that seed particles are inherently oriented in 
the position of maximum drag relative to the gas flow, which position is indicated by the particle 
Reynolds number range of 5.5 to 200, in order to enhance the sphericity of the product particles. 

3. A heated silicon deposition reactor system comprising: 
20 a plurality silicon beads; 

a vessel having a wall which defmes (a) a chamber that contains the beads, (b) a 
fluidizing inlet for the injection of a gas to fluidize the beads, and (c) an outlet for the removal of 
beads from the chamber; and 

apparams to cool beads removed firom the chamber. 
25 4. A healed silicon deposition reactor system comprising: 

a plurality silicon beads; and 

a vessel having a wall which defines a chamber that contains the beads and defines 
a fluidizing inlet for the injection of a gas to fluidize the beads, the chamber being configured to 
hold beads at a temperature of 700**C to nOC^C for a time sufficient to reduce the hydrogen 
3 0 . content of the beads and promote polycrystalline strucmre throughout the beads. 

5. A heated silicon deposition reactor system comprising: 
a plurality silicon beads; 

a vessel having a wall which defines a chamber that contains the beads and defines 
a fluidizing inlet for the injection of a gas to fluidize the beads; and 
3 5 a source of a halogen-containing gas in commimication with the chamber such that 

the halogen-containing gas can be introduced into the chamber to react exothermaly with gas 
entering the chamber via the inlet to provide sufficient energy to heat beads in the chamber. 

6. A heated silicon deposition reactor system comprising: 
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a plurality silicon beads; 

a source of a silicon-bearing gas selected from the group consisting of silane 
compounds, halogenated silane compounds, and mixtures thereof; 

a vessel having a wall with an interior surface which is at least partially covered by 
5 a layer of a high purity silicon-containing material, 

the wall defming (a) a chamber that contains the beads, (b) a fluidizing inlet for the 
injection of the silicon-bearing gas to fluidize the beads, (c) an outlet for the removal of beads 
from the chamber, (d) an inlet for injecttng a halogen-containing gas into the chamber to react 
with and convert any silicon powder and unreacted silicon-bearing gas in the chamber into 
10 halogenated species and to inhibit the deposition of silicon or silicon halide polymer on surfaces 
downstream of the reactor vessel, and (e) an inlet, which may be the same as or different than at 
least one of the other inlets, for injecting a nonsilicon-bearing diluent gas, 

the chamber having at least three zones including (a) an inlet zone that contains the 
fluidizing inlet and that is configured to contain beads in a submerged spouted bed when gas is 
15 being injected through the inlet, (b) a tapered zone that commimicates with and is located above 
the inlet zone to receive gas moving upwardly from the inlet zone and that is sized and shaped to 
contain beads in a bubbling fluidized bed, at least a portion of the tapered zone being tapered so 
that the velocity of the gas decreases as the gas goes upwardly through the tapered zone and the 
beads are classified by size with the largest beads moving to the bottom of the vessel, the beads 
2 0 in the tapered zone being at a spacing and temperature such that the bed of beads in the tapered 
zone acts as a granular filtration device to trap silicon powder that may enter the tapered zone, 
and (c) a reservoir zone which conununicates with and is located above the tapered zone, which 
reservoir zone is substantially cylindrical and has a sufficient length and cross-sectional area that 
beads are maintained in the reservoir zone in a well-mixed bubbling fluidized bed for 1 to 24 

2 5 hours, the beads in the reservoir zone being at a spacing and temperature such that the bed of 

beads in the reservoir zone acts as a granular filtration device to trap silicon powder that may 
enter the reservoir zone, 

the fluidizing inlet being sized and positioned to deliver a silicon-bearing gas into 
the inlet zone as a fluidizing jet of sufficient velocity to circulate the beads inside the vessel and 

3 0 cause beads to impact each other such that grinding of beads occurs in the inlet zone and beads of 

reduced size are formed to serve as seeds for additional silicon deposition, and 

the vessel wall and fluidizing jet being sized and shaped (a) to circulate a fraction of 
any fme silicon particles formed in the inOiet zone into the fltiidizing jet so that the fine particles 
are increased in average size by heterogeneous silicon deposition and so that homogeneous 
3 5 nucleation is suppressed and (b) to perform at least a portion of the silicon deposition at 

conditions selected such that seed particles are inherently oriented in the position of maximum 
drag relative to the gas flow at the bottom of the reactor, which position is indicated by a particle 
Reynolds number range of 5.5 to 200, in order to enhance the sphericity of the product particles. 
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a heat source to hold beads in the inlet, tapered, and reservoir zones at a 
temperature of TOC^C to 1200'C to reduce the hydrogen content of the beads and promote 
polycrystalline structure in the beads; 

a slip coating on the interior surface of the layer of high purity silicon-containing 
material to inhibit adherence of silicon deposits to the layer, the slip coaling being a powder 
having a melting point in Kelvin that is more than twice the temperature, also in Kelvin, of the 
layer of the silicon-containing material during operation of the reactor system; 

a gas delivery tube that defines a gas inlet passageway in conununication with the 
fluidizing inlet; 

at least one outlet mbe that concentrically surrounds the gas delivery tube such that 
an outlet passageway is defined between the tubes, the outlet passageway bemg in communication 
with the chamber to receive silicon beads exiting from the chamber, the inlet passageway and 
outlet passageway being in thermal communication so that heat can pass from beads exiting the 
chamber to gas in the inlet passageway, the amount of heat transferred being sufficiently small 
that the temperamre inside the inlet tube remains below the temperature at which substantial 
deposition of silicon occurs; 

at a location above the fluidizing inlet, at least one supplemental inlet to produce a 
supplemental jet of gas positioned to increase the frequency of bead impacts and provide 
additional grinding; 

0 a shroud surrounding the vessel to define an anntilar space between the shroud and 

the vessel, the space being in thermal communication with the chamber of the vessel such that 
heat is removed from the chamber by transfer to gas in the space; and 

a gas circulation system adapted to flow gas through the space and thereby divert 
and capture any external contamination flowing to the vessel and any gas that escapes from the 

5 vessel. 

7. A heated silicon deposition reactor system con^rising: 
a plurality silicon beads; and 

a vessel having a wall which defines a chamber that contains the beads and defines 
a fluidizing inlet for the injection of a gas to fluidize the beads, at least a portion of the wall 
0 being tapered so that the velocity of the gas decreases as the gas moves upwardly through the 
vessel and the beads are classified by size with the largest beads moving to the bottom of the 
vessel . 

8. A heated silicon deposition reactor system comprising: 
a plurality silicon beads; 

5 a source of a silicon-bearing gas; and 

a vessel having a wall which defines a chamber that contains the beads and defines 
a fluidizing inlet for the injection of the silicon-bearing gas to fluidize the beads, the vessel wall 
and fluidizing inlet being sized and positioned to deliver the silicon-bearing gas as a fluidizing jet 
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to circulate the beads inside the vessel, and the vessel being configured such that grinding of 
beads occurs inside the vessel and beads of reduced size are formed to serve as seeds for 
additional silicon deposition. 



5 



9. A heated silicon deposition reactor system comprising: 
a plurality silicon beads; 

a vessel having a wall which defines a chamber that contains the beads and defines 



10 



15 



a fluidizing inlet for the injection of a gas to fiuidize the beads; 

a gas delivery tube which defmes a gas inlet passageway that is in communication 
with the fluidizing inlet; and 

a radiant energy source that is oriented to direct radiant energy into the chamber via 
the gas delivery tube. 

10. An apparatus for the measurement of silicon beads, the apparatus comprising: 

a noncontaminating, planar surface along which silicon beads move past a location 
where they can be observed using machine vision; 

apparatus which causes the beads to move along the surface past the location; and 



a sensing device operable to detect bead properties at the location and to calculate a 
particle size distribution for the beads. 

11. An apparatus for the treatment of silicon beads, the apparatus comprising: 

a noncontaminating, planar surface along which silicon beads move past a location 
2 0 where they are heated by exposure to high intensity light; 

apparatus which caused the beads to move along the surface past the location; and 
a coherent or noncoherent light source of the appropriate frequency and sufficient 
intensity to scan and flash heat the surface of the beads to a temperamre of 800*'C to ISOCC in a 
gas atmosphere selected to promote surface mobility and a smooth bead morphology. 1. A 
2 5 process for the deposition of silicon on beads that are located inside a vessel, the process 
comprising: 

providing a vessel, which vessel has a wall which defines a chamber having at least 
two zones including (a) an inlet zone and (b) an upper zone that communicates with and is located 
above the inlet zone to receive gas moving upwardly from the iiolet zone, and which vessel has a 
30 fluidizing inlet for delivering gas into the inlet zone; 

injecting a silicon-bearing gas through the fluidizing inlet so as to maintain beads in 
the mlet zone in a submerged spouted bed; and 

maintaining beads in the upper zone in a bubbling fluidized bed. 

12. A process for the deposition of silicon on beads that are located inside a vessel, 
35 the process comprising; 



providing a vessel, which vessel has a wall which defines a chamber having at least 
two zones including (a) an inlet zone and (b) an upper zone that communicates with and is located 
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above the inlet zone to receive gas moving upwardly from the inlet zone, and which vessel has a 
fluidizing inlei for delivering gas into the inlet zone; 

injecting a silicon-bearing gas through the fluidizing inlet so as to maintain beads in 
the inlet zone in a submerged spouted bed; and 
5 maintaining beads in the upper zone in a bubbling fluidized bed. 

13. A process for the deposition of silicon on beads that are located inside a vessel, 
the process comprising: 

providing a vessel having a wall which defines a chamber and a fluidizing inlet for 
delivering gas into the chamber; 
10 injecting a silicon-bearing gas through the fluidizing inlet to provide a fluidizing jet 

so as to maintain beads m the chamber in a fluidized bed to circulate the beads in the chamber in 
such a manner that grinding of beads occurs in the chamber and ground beads of sufficiently 
small size are formed to serve as seed beads for additional silicon deposition, 

14. A process for the deposition of silicon on beads that are located inside a vessel, 
15 the process comprising: 

providing a vessel having a wall which defines a chamber and a fluidizing inlet for 
delivering gas into the chamber; 

injecting a sUicon-bearing gas through the fluidizing inlet at a gas velocity selected 
such that beads in the chamber are maintained in a fluidized bed and such that seed particles are 

2 0 inherently oriented in the position of maximinn drag relative to the gas flow in order to enhance 

the sphericity of the product particles. 

15. A process for the deposition of silicon on beads that are located inside a vessel, 
the process comprising: 

providing a vessel having a wall which defines a chamber and a fluidizing inlet for 
25 delivering gas into the inlet zone; 

injecting a silicon-bearing gas through the fluidizing inlet so as to provide a 
fluidizing jet which maintains beads in the chamber in a fluidized bed, the fluidizing jet being of a 
size, shape, and velocity sufficient to perform at least a portion of the silicon deposition at a 
particle Reynolds number of 5.5 to 200 at the bottom of the chamber in order to enhance the 
30 sphericity of the product particles. 

16. A process for the deposition of silicon on beads that are located inside a vessel, 
the process comprising: 

providing a vessel having a wall which defines a chamber and a fluidizing inlet for 
delivering gas into the inlet zone; 

3 5 injecting a silicon-bearing gas dirough the fluidizing inlet so as to maintain beads in 

the chamber in a fluidized bed; and 
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prior to allowing the wall of the vessel to cool by more than 100*'C, at least 
partially removing deposited silicon from the wall by etching at or near the operating temperature 
using a halogen-containing gaseous etchant. 

17. A process for the deposition of silicon on beads that are located inside a vessel, 
5 the process comprising: 

providing a vessel having a wall which defines a chamber and a fluidizing inlet for 
delivering gas into the chamber; 

injecting a silicon-bearing gas through the fluidizing inlet so as to maintain beads in 
the chamber in a fluidized bed; and 
10 holding beads in the chamber at a temperature of 700*C to 1200*C for a sufficient 

time to reduce the hydrogen content of the beads and promote poly crystalline structure in the 
beads. 

18. A process for the deposition of silicon on beads that are located mside a vessel, 
the process comprising: 

15 providing a vessel having a wall which defines a chamber and a fluidizing inlet for 

delivering gas into the chamber, and having a gas delivery tube which defines a gas inlet 
passageway that is in communication with the fluidizing inlet; 

injecting a silicon-bearing gas through the fluidizing inlet so as to maintain beads in 
the chamber in a fluidized bed; 

2 0 heating material inside the chamber by directing radiant energy from a source of 

radiant energy, via the gas delivery tube, and to a location inside the chamber; and 

maintaining the wavelength distribution of the radiant energy such that energy 

absorbed by silicon-bearing gas inside the chamber is insufficient to cause decomposition of that 

gas and such that any residual energy is absorbed by the silicon beads, 
25 19. A process for the deposition of silicon on beads that are located inside a vessel, 

the process comprising: 

providing a vessel having a wall which defines a chamber and a fluidizing inlet for 

delivering gas into the chamber; 

injecting a silicon-bearing gas through the fluidizing inlet so as to maintain beads in 

3 0^ the chamber in a fluidized bed, the injecting comprising delivering the silicon-bearing gas into the 

inlet as a fluidizing jet; and 

injecting a halogen-containing gas into a region of the inlet zone that contains the jet 
to heat the region of the jet by energy released from an exothermic reaction of the halogen- 
containing gas with a fraction of silicon-containing species at the region of the jet, the amount of 
3 5 energy produced by the reaction being sufficient to heat the beads in the jet. 

20. A process for the deposition of silicon on beads that are located inside a vessel, 
the process comprising: 
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providing a vessel, which vessel has a wall which defines a chamber having at least 
two zones including (a) an inlet zone, and (b) an upper zone that communicates with and is 
located above the inlet zone to receive gas moving upwardly from the inlet zone, and which 
vessel has a fluidizing inlet for delivering gas into the inlet zone and an outlet in communication 
5 with a bead withdrawal passageway defined by the interior surface of a bead withdrawal tube; 

providing a layer of silicon on at least a portion of the interior surface of the wall 

of the vessel; 

providing a slip coating between the interior surface of the wall and the layer of 
silicon to inhibit adherence of silicon deposits to the layer, the slip coating being a powder having 
10 a melting point in Kelvin that is more than twice the temperature, also in Kelvin, of the layer of 
silicon during operation of the reactor system; 

providing a plurality of silicon beads inside the chamber; 

providing a silicon-bearing gas and a diluent gas; 

injecting the silicon-bearing gas through the fluidizing inlet to provide a fluidizing 
15 jet of sufficient velocity to maintain beads in the inlet zone in a submerged spouted bed and to 
circulate the beads inside the vessel and cause beads to impact each other such that grinding of 
beads occurs to form ground beads of sufficiently small size that the ground beads serve as seed 
beads for additional silicon deposition; 

injecting the diluent gas into the vessel; 
20 prior to injecting the diluent gas, removing any oxygen-containing contaminants 

from the diluent gas by (a) reacting a silicon-bearing gas with the contaminants under conditions 
that favor formation of solid particles and that disfavor deposition of contaminant films on the 
beads or the vessel, and (b) filtering the resulting solid particles from the diluent gas at a location 
outside the vessel; 

25 controlling the amount of 'grinding by adjusting at least one parameter selected from 

the group consisting of inlet orifice diameter, fluid composition, mass flow, pressure, and 
temperature to alter the kinetic power of the jet; 

maintaining the beads inside the chamber at an operating temperature of at least 
500 sufficient to cause silicon to deposit from the silicon-bearing gas onto the beads and on the 
3 0 wall of the vessel; 

producing a supplemental jet of gas in the vessel at a location above the fluidizing 
inlet, the supplemental jet being sized and positioned to increase the frequency of bead impacts 
and provide additional grinding; 

circulating a fraction of any fine silicon particles that are produced inside the vessel 
3 5 into the fluidizing jet so that the fine particles are increased in average size by heterogeneous 
silicon deposition and so that homogeneous nucleation is suppressed; 
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conducting at least a portion of the silicon deposition at a gas velocity selected such 
that seed panicles are inherently oriented in the position of maximum drag relative to the gas flow 
in order to enhance the sphericity of the product particles; 

maintaining the fluidizing jet at a size, shape, and velocity sufficient to perform at 
5 least a portion of the silicon deposition at a particle Reynolds number of 5.5 to 200 at the bottom 
of the reactor in order to enhance the sphericity of the product particles, the particle Reynolds 
number being maintained by at least one step selected from the group consisting of (a) classifying 
particles inside the vessel such that the largest beads move to the bottom of the vessel, (b) 
entraining the particles in the fluidizing jet, (c) maintaining inlet and outlet flow rates and the jet 

1 0 velocity sufficient to promote formation of a particle bed of sufficient height to maintain an 
elevated reactor back pressure in the inlet zone» (d) regulating the outlet flow control rate to 
maintain an elevated reactor back pressure in the inlet zone, (e) regulating the velocity of fluids 
entering the vessel, and (f) providing a vessel having a wall profile adapted to allow operation at 
a particle Reynolds number of 5.5 to 200 at the bottom of the vessel; 

1 5 maintaining beads in the upper zone in a bubbling fluidized bed and at a spacing 

and temperature such that the bed acts as a granular filtration device to trap silicon powder that 
enters the bed; 

injecting a halogen-containing gas into the vessel to convert any silicon powder and 
any unreacied silicon-bearing gas to halogenated species at temperatures and pressures sufficient 
20 to inhibit the deposition of silicon or silicon halide polymers in the downstream systems of the 
reactor; 

prior to injecting the halogen-containing gas, removing any oxygen-containing 

contaminants from the halogen-containing gas by (a) reacting a sUicon-bearing gas with the 

contaminants under conditions that favor formation of solid particles and that disfavor deposition 
25 of contaminant films on the beads or the vessel, and (b) filtering the resulting solid particles from 

the halogen-containing gas at a location outside the vessel; 

holding beads in the inlet zone at a temperature of 700 °C to 1200°C, during 

deposition of silicon on the beads, to reduce the hydrogen content of the beads and promote 

polycrystalline structure in the beads; 
3 0 holding beads in the upper zone at a temperamre of TOO'^C to 1200'*C for 1 to 24 

hours to reduce the hydrogen content of the beads and promote polycrystalline structure in the 

beads; 

removing beads, on which silicon has been deposited, from the vessel through the 
bead withdrawal passageway; 
3 5 providing a layer of silicon on the inner surface of the bead withdrawal tube; 

maintaining the thickness of the layer in a predetermined range by flowing a 
silicon-bearing gas or etchant through the passageway as needed to maintain equilibrium between 
etching and silicon deposition; and 
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prior to allowing the wall to cool by more than 100*C, at least partially removing 
deposited silicon from the wall by etching at or near the operating temperature using a halogen- 
containing gaseous etchant. 

21. A process for the deposition of silicon on a substrate located inside a vessel 
5 that has an inlet for the injection of a silicon-bearing gas, the process comprising; 

providing a vessel having a wall with an interior surface which defines a chamber 
and an inlet for the injection of a silicon-bearing gas; 

providing a slip coating on at least a portion of the interior surface of the wall to 
inhibit adherence of silicon deposits to the wall, the slip coating being a powder having a melting 
1 0 point in Kelvin that is more than twice the temperature, also in Kelvin, of the layer of silicon 
during operation of the reactor system; 

providing a layer of silicon on the slip coating; 

injecting a silicon-bearing gas into the chamber; and 

healing at least some of the contents of the chamber to promote the deposition of 
15 silicon on a substrate inside the chamber. 

22. A process for continuous transfer of poly silicon beads to at least one container 
from a polysilicon deposition reactor that comprises a vessel having an inlet for the injection of a 
silicon-bearing gas to fluidize beads inside the vessel and having an outlet in communication with 
a bead withdrawal passageway defined by the interior surface of a bead withdrawal tube, the 

20 process comprising: 

(a) injecting a reactor-compatible gas into the bead withdrawal passageway to 
fluidize polysilicon beads in the passageway and strip residual silicon-bearing gas from the beads 
in the passageway; 

(b) moving beads from the passageway through a transfer tube to a vertical 
25 degassing column which has at least one receiving port at the bottom of the column; 

(c) injecting an inert gas into the degassing column via at least one of the port or 
ports so as to remove gas used to transport the beads to the colunm; 

(d) providing at least one scalable container, each such container having at least one 
valve that communicates with the interior of the container; and 

30 (e) transporting beads, by gas flow or gravity, from the column into a scalable 

container or containers connected to the port or ports through which the beads exit the column. 

23. A process for continuous transfer of polysilicon beads to one of at least two 
containers from a polysilicon deposition reactor that comprises a vessel having an inlet for the 
injeaion of a silicon-bearing gas to fluidize beads inside the vessel and having an outlet in 

3 5 communication with a bead withdrawal passageway defined by the interior surface of a bead 
withdrawal tube, the process comprising: 



wo 96/41036 



-53- 



PCT/US96/09690 



(a) injecting a reactor-compatible gas into the bead withdrawal passageway to 
fluidize polysilicon beads in the passageway and strip residual silicon-bearing gas from the beads 
in the passageway; 

(b) moving beads from the passageway through a transfer tube to a vertical 
5 degassing column which has multiple receiving pons at the bottom of the column; 

(c) injecting an inert gas into the degassing column via at least some of the ports so 
as to remove gas used to transport the beads to the column, the rate of gas flow through one port 
being sufficiently small as compared to the gas flows through other ports so as to direct beads to 
pass througli the one port; 

10 (d) providing multiple sealable containers, each container having at least one valve 

that communicates with the interior of the container; 

(e) transporting beads, by gas flow or gravity, from the column into a sealable 
container or containers coimected to the port or pons through which the beads exit the column; 

(f) venting the container or containers during filling with beads; 

1 5 (g) diverting bead flow from a full container to an empty container by nearly 

simultaneously 

(i) venting the empty container, 

(ii) initiating gas flow into the colimm via the receiving port or ports 
connected to the full container. 

2 0 (iii) ceasing gas flow into the column via a receiving port or ports 

coimected to the empty container, and 

(iv) closing at least one valve on the fiill container; 

(h) purging the full container with inert low- oxygen-content gas; 

(i) disconnecting the fiill container from the port or ports and sealing the full 

2 5 container; 

(j) connecting another empty container to the port or ports from which the full 
container was removed; and 

(k) opening the valve on the newly coimected container. 
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